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Chapter 1
Introduction
In this thesis I study the dynamics of X-ray binaries using high-resolution X-ray
and optical spectroscopy with the aim to constrain the important parameters of the
studied systems: masses, radii of the compact objects and the binary orbital period.
This chapter describes the phenomena occurring in X-ray binaries as well as methods
and terminology used in the thesis.
1.1 X-ray binaries as a laboratory of extreme physics
Most of the bright X-ray sources in our Galaxy belong to the class of X-ray binaries.
In fact it was not long after the discovery of the first X-ray source (Sco X-1, Giacconi
et al. 1962) that scientists realized that strong Galactic X-ray sources could represent
accreting binary systems (e.g. Zeldovich & Guseynov 1966, Shklovsky 1967). A large
fraction of these Galactic sources is concentrated towards the Galactic center and
the Galactic plane. However, X-ray binaries are also found in e.g. Galactic globular
clusters located in the outskirts of our Galaxy - the Galactic halo.
X-ray binaries consist of a donor star which can be a main sequence star (e.g. like our
Sun), a giant star or a white dwarf (WD), and a compact object either a black hole (BH)
or a neutron star (NS), orbiting around the common center of mass. The donor star in
these systems is transferring mass to the compact object. The transferred gas has too
much angular momentum to fall directly onto the compact object (a consequence of
the binary orbital motion). Hence, an accretion disc forms which allows the accreted
gas to lose angular momentum and thus gradually spiral inwards. While doing so
the gas converts a large fraction of the its gravitational potential energy into radiation
mostly in the form of X-rays.
For the majority of X-ray binaries there are two ways for the donor star to transfer
mass onto the compact object (Tauris & van den Heuvel 2006). One way involves a
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stellar wind which is a characteristic feature of young, luminous and massive stars
(Mdonor & 10 M). Part of the donor’s wind is in this scenario captured by the com-
pact object. Such systems are called high-mass X-ray binaries (HMXB). The other
way the matter can be transferred is via Roche-lobe overflow, which typically hap-
pens in systems with low-mass donor stars (Mdonor . 1 M). For example, as the
donor evolves off the main sequence its size increases and it can overfill the Roche-
lobe (the smallest equipotential surface enclosing both stars). The mass from the
donor flows to the compact object through the point of the lowest potential where
the gravitational attraction of the more massive star is cancelled by the gravity of the
less massive star and the centrifugal force (the first Lagrangian point, see Fig. 1.1).
This type of source is called a low-mass X-ray binary (LMXB). The sources accreting
via Roche-lobe overflow onto a white dwarf instead of a NS or a BH are called cata-
clysmic variables (CV).
It is worth realizing that the majority of stars do not exist as single stars like our Sun,
but rather as members of binary systems. Binary systems are very important from
the perspective of studying the physical characteristics of stars. They can provide
reliable measurements of the stellar mass and radius. What is more, X-ray binaries
are a great laboratory to study the behavior of matter under conditions that we can-
not create in laboratories on Earth. The items we want to investigate include the
relation between pressure and density of matter at supranuclear densities and low
temperatures and the occurrence of strong field gravity effects predicted by Einstein’s
General Theory of Relativity.
1.1.1 Low-mass X-ray binaries
The sources studied in this thesis belong to the class of low-mass X-ray binaries
(LMXB). As mentioned before these systems consist of a low-mass donor star trans-
ferring mass through Roche-lobe overflow onto a BH or a NS accretor (see Fig. 1.2
for an artist impression). LMXBs obey a simple relation between the orbital period P
and the density of the donor star ρ, namely P2 × ρ=const which is a consequence of
Kepler’s 3rd law and the Roche-lobe geometry. The orbital periods of LMXBs range
from tens of minutes (for a dense white dwarf donor star) to tens of days (for a less
dense giant donor star).
LMXBs are not easy to form. In one of the possible formation scenarios (Tauris &
van den Heuvel 2006) in which an LMXB containing a millisecond pulsar1 is formed,
the evolution starts from two gravitationally bound stars. First, a more massive star
evolves to a giant phase and starts transferring part of its outer layer (envelope) to
the second star. The mass transfer happens in an unstable way and leads to the for-
mation of a common envelope embedding both stars. In this phase part of the orbital
angular momentum is transferred to the envelope via friction and the second star
spirals inward thereby expelling the envelope. This is a crucial moment in the binary
1millisecond pulsar-a magnetized, rotating NS emitting regular pulses of light with a period of 1 − 10
milliseconds
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Figure 1.1: The three-dimensional shape of the Roche-lobes of a binary star system and the
two-dimensional projection is shown. The first Lagrangian point (L1) is shown. The second
and third Lagrangian points are also indicated (L2, L3) in which gravitational forces of the two
masses balance the centrifugal force. Figure from van der Sluys (2006).
evolution, since the system could merge and prevent an LMXB from forming. In the
case that the system avoids such a merger, the envelope is expelled leaving the binary
with a much shorter orbital period. Then the core of the evolved star undergoes a
supernova explosion during which a NS is formed. This is the next critical moment,
as the binary could be disrupted by this violent explosion. If more than half the total
binary mass is lost by the supernova explosion the two stars are no longer bound
and continue as single stars (Blaauw 1961). If linear momentum is imparted onto
the newly formed NS for instance by the asymmetric emission of neutrinos during
its formation the NS will receive a velocity with respect to the binary center of mass
(Lai 2000). This velocity is called a kick. A kick upon formation may either help in
unbinding the binary, or help in preserving it, depending on its direction. The LMXB
is born when the donor star starts transferring mass through Roche-lobe overflow
onto the NS. The evolutionary process starting from the two gravitationally bound
stars until the LMXB stage can take around 109 yr. Hence, LMXBs are typically old
systems. The tidal forces synchronize the donor star rotation with the orbit (only one
side of the donor star is facing the compact object) and then circularize an initially
eccentric orbit. A prolonged period of accretion is also thought to lower an initially
high magnetic field of the NS accretor (Taam & van den Heuvel 1986). Hence, in
most NS LMXBs the magnetic field is not dynamically important for the flow of the
material onto the NS although exceptions exist.
Some LMXBs are persistent, others show transient behavior switching between
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Figure 1.2: An artist impression of a low-mass X-ray binary.
periods of high X-ray luminosity (outburst) and periods of low X-ray luminosity
(quiescence). The observed luminosity of the persistent sources and sources in out-
burst range from ≈ 1034 − 1038 erg s−1. On the other hand the observed range of
the quiescent luminosities in transient sources is around ≈ 1030 − 1033 erg s−1. The
parameter driving the changes in the source X-ray luminosity is thought to be the
rate at which the mass is accreted onto a compact object (M˙; Smak 1983). The critical
value of the M˙crit below which the disc is unable to stay fully ionized and the source
becomes transient depend upon the orbital period (Smak 1983), effects of irradiation
of the disc (Dubus et al. 1999) and the chemical composition of the disc (Menou et al.
2002).
One can define a limit on the luminosity of the object (i.e. Eddington limit) above
which further accretion is blocked by the forces of radiation pressure (Davidson &
Ostriker 1973). Therefore, the Eddington luminosity is a natural upper limit on the
luminosity of accreting objects. The Eddington luminosity increases linearly with
the mass of the compact object. For example in the case of an accreting BH with a
mass of 10 M the Eddington limit corresponds to the luminosity of ≈ 1039 erg s−1.
The inner part of the accretion disc emits mainly in X-rays, whereas the emission
shifts from the ultraviolet (UV) to the optical further out. Additionally, the region
where the stream of gas from the donor impacts the disc (i.e. the hot spot) can have
different properties (e.g. temperature, density) and therefore different observational
characteristics when compared with the rest of the disc. The central X-ray source can
strongly irradiate the disc and the donor star which is an important characteristic of
LMXBs. In fact a large fraction of the UV and optical emission of the disc is thought
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to be reprocessed (absorbed, thermalized and reemitted) X-ray radiation from the
central source (van Paradijs & McClintock 1994). Depending on the spectral type of
the donor star and the presence of X-ray irradiation, the donor star can be observed
in the UV, optical or at infrared wavelengths (Hynes 2010). LMXBs show evidence
for matter escaping the system in the form of a jet (a stream of particles moving at
relativistic velocities; typically observed in the radio and infrared wavelengths) or a
disc outflow observable at X-ray wavelengths (Fig. 1.2).
It needs to be stressed that the accretion disc geometry shown on Fig. 1.2 is probably
too simplistic. For example in sources in which the spin axis of the compact object is
not aligned with the disc rotational axis the inner parts of the disc will tend to align
with the compact object spin axis (Bardeen & Petterson 1975).
Ultra-compact X-ray binaries: a subclass of LMXBs
An ultra-compact X-ray binary (UCXB) is an LMXB with a white dwarf or helium
star donor star. Given the compactness of the donor the separation between binary
components is much smaller than in e.g. LMXBs hosting a main sequence star (in
UCXBs it is typically comparable to the distance between the Earth and the Moon).
Hence, the orbital periods in UCXBs are also very short (P . 80 min).
The formation of UCXBs can be similar to the formation of an LMXB (described in
the previous section), however, it is not the only possible scenario. Since a significant
fraction of X-ray sources are found in globular clusters, Clark (1975) proposed that
they can be formed through dynamical interactions of single stars in those dense
stellar environments. Verbunt (1987) suggested that UCXBs in globular clusters
could be formed by direct collision of a NS with a giant star.
The emission of gravitational waves bring the binary components into contact and
the mass transfer starts. Initially, the mass transfer happens violently and the mass
accretion rate may reach (or even exceed) the Eddington limit. If the system survives
this critical phase it continues to emit gravitational waves which leads to the loss of
angular momentum and shortening of the orbital period. However, this tendency for
the orbit to shrink is overpowered by the transfer of mass from the less massive donor
to the more massive accretor which leads to the orbit expansion (a consequence of
angular momentum conservation). Hence, the net result is a slow orbital expansion
with time. More details on the evolutionary stages and formation scenarios of UCXBs
can be found in e.g. Postnov & Yungelson (2006) and van Haaften et al. (2012a).
Since the accretion disc is much smaller in UCXBs than in LMXBs the ratio between
optical and X-ray emission is smaller in UCXBs as well (van Paradijs & McClintock
1994). This characteristic is sometimes used in order to find new UCXB candidates
(e.g. Nelemans et al. 2006, Bassa et al. 2006). Additionally, tidal effects between the
donor star and the outer part of the disc in UCXBs (or LMXBs and CVs with low
mass ratio q = Mdonor/Maccretor . 0.3) can cause the disc to develop an eccentric
shape and precess. This precession of the disc leads to a variation in the lightcurve
on a period that is slightly larger than the orbital period. This variation is called a
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superhump. Another interesting difference between typical LMXBs and UCXBs lies
in the chemical composition of the donor star. A WD is essentially the core of an
evolved star that went through a phase of nuclear burning in its center. For example,
a helium WD is the end product of hydrogen fusion, whereas a carbon-oxygen WD is
the end product of helium fusion. The altered chemical composition of the donor star
and, as a consequence the accretion disc, can have a large influence on the properties
of an UCXB such as the shape of the energy spectrum, the source transient behavior
and the Eddington luminosity.
1.1.2 Compact object properties: the importance and methods of
studying
The distribution of the masses of NSs and BHs in LMXBs contains information about
the properties of the supernova forming these compact objects (Timmes et al. 1996,
Fryer et al. 2012). The importance of studying the NS mass and radius is linked to a
long-sought-after goal of nuclear physics: finding the equation of state (EOS) of ultra-
dense matter (i.e. the relation between the pressure and density of the ultra-dense
matter; this type of matter is found in e.g. interiors of NSs Lattimer & Prakash 2004).
An EOS gives a unique mass-radius relation and yields a maximum NS mass. It has
been proposed that the NS interior could be composed of either ordinary nucleonic
matter (neutrons, protons) or more exotic types of particles e.g. bosonic condensates,
hyperons. The EOSs that assume nucleonic matter in the core can typically sustain
a higher maximum NS mass (MNS & 2 M) than the EOSs assuming exotic matter
in the NS core. Ideally an accurate measurement of both mass and radius of a NS is
obtained, since that will constrain the EOS to go through that point in the mass-radius
diagram. However, such measurements have not been made to date.
Measuring the masses of compact objects is possible if one can track the orbital motion
of the binary components as they move around the binary center of mass (dynamical
mass measurement). In LMXBs, however, this measurement is difficult to do. Only
in a fraction of the systems in quiescence one of the binary components, the donor
star, can be observed directly. Instead of the accretor mass, a mass function can be
determined using Kepler’s 3rd law and the radial velocity of the donor star. The
mass function provides a relation between the mass of the accretor, the inclination
of the system and the mass ratio between the mass of the donor star and that of
the accretor. Hence, for the accretor mass to be measured additional constraints on
the inclination and mass ratio using other methods need to be provided. In this
method the mass ratio can be determined by measuring the rotational broadening
of the spectral lines originating in the donor star, provided that the rotation of the
donor star is synchronized with the orbit. In order to measure the system inclination
one can use the (optical/infrared) light variations during the orbital motion caused
by the Roche-lobe filling donor star. Given the incompleteness of the model used
to describe these variations, the inclination (and hence, the compact object mass)
measurements using this method can be model dependent. Therefore, the most
robust measurements of the compact object masses are done using eclipsing binaries
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Figure 1.3: An artist impression of the XMM-Newton satellite (left panel) and the Chandra
satellite (right panel).
(binary inclination is close to 90 deg with respect to the observer). Those systems are,
however, rare.
Accurate NS mass measurements can be obtained in binary systems containing a
pulsar in an eccentric orbit (see Taylor & Weisberg 1989, Thorsett & Chakrabarty
1999). In such a case one can use the relativistic corrections to the binary equation
of motion (e.g. the precession of a periastron or the Shapiro time delay of the
radio pulsar signal as it travels through the gravitational field of the companion).
These corrections can be measured and in combination with the mass function they
provide an accurate mass measurement of both binary components. Using this
method Demorest et al. (2010) and Antoniadis et al. (2013) have measured the masses
of two pulsars to be ≈ 2 M. These measurements are very important for the study
of the NS EOS as they imply an EOS with a high internal (Fermi) pressure (a ‘stiff’
EOS) able to sustain a massive NS against the force of gravity.
Observationally, the distinction between a NS and a BH can be made when the
source shows X-ray bursts (thermonuclear flashes on the surfaces of the NS) or
periodic pulses from the magnetized, rotating NS. When such evidence is missing
the distinction can be made based on the measured mass of the compact object. The
mass of a NS cannot exceed ≈ 3 M (from the General Theory of Relativity and
knowledge of the EOS of the crust of the NS, Rhoades & Ruffini 1974), therefore any
compact object with a dynamical mass higher than this limit is considered to be a
BH.
Although measuring some NS masses can be done quite accurately, constraining the
neutron radius still proves to be quite a challenge. For an overview of the methods
used to measure the NS radius see Bhattacharyya (2010) or Lattimer & Steiner (2013).
In this thesis focus is put on only one method that makes use of spectroscopic features
originating from the inner part of the accretion disc. This method is introduced in
Section 1.2.2.
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1.2 Spectroscopic observations of LMXBs
1.2.1 The X-ray observatories XMM-Newton and Chandra: a golden
era of X-ray astronomy
Since the atmosphere of the Earth is absorbing X-ray radiation, X-ray detectors need
to be placed on a satellite and send into space. In my analysis I have mainly used
data obtained by the XMM-Newton and Chandra satellites (see Fig. 1.3). Launched
in 1999 by ESA and NASA, respectively, these two great X-ray observatories have
been collecting data for over a decade now. As noted in the review on XMM-
Newton and Chandra (Santos-Lleo et al. 2009): ‘Less than 50 years after the first
detection of an extrasolar X-ray source, these observatories have achieved an increase
in sensitivity comparable to going from naked-eye observations to the most powerful
optical telescopes over the past 400 years’.
It is worth mentioning that the X-ray telescope design are substantially different from
typical optical telescopes and detectors. The main difference is the design of the X-
ray mirrors. X-ray photons hitting a traditional mirror used for optical observations
at near-normal incidence would be either transmitted or absorbed. In order for the
X-rays to be reflected the incidence angle needs to be very small (it is known as a
grazing angle). Hence, a typical X-ray telescope is composed of a multiple co-axial
and co-focal mirror shells nested together (Wolter 1952).
X-ray satellites and detectors can also have differences in design depending on the
purposes they were built to serve. The XMM-Newton satellite contains three separate
X-ray mirrors focusing X-rays simultaneously onto three EPIC (European Photon
Imaging Camera) imaging detectors: two Metal Oxide Semi-conductors (MOS) and
a pn camera. About half of the incident X-ray flux behind two of the telescopes (those
that contain EPIC-MOS cameras in the focal plane) is diverted by the two identical
in design high-resolution reflection gratings (RGS). The RGS maximum resolving
power is R ≈ λ/∆λ ≈ 800. Additionally, EPIC cameras are energy sensitive. Hence,
apart from the imaging capabilities the EPIC cameras can also provide broad-band
spectra with resolving power of R ≈ 20−50 (simultaneously with the high-resolution
RGS spectra). The large effective area of XMM-Newton (4650 cm2 at 1 keV) makes it
useful for spectral studies of faint sources. The Chandra satellite, on the other hand,
is equipped with one high resolution mirror, two imaging detectors: HRC (High
Resolution Camera) and ACIS (AXAF CCD Imaging Spectrometer) and two sets of
transmission gratings with the maximum resolving power of R ≈ 1100. One set of
transmission gratings is optimized for low energies (LETG) and the other for high
energies (HETG). However, only one detector and at most one grating at a time can
be used. Chandra has the highest spatial resolution (. 0.5 arcsecond) from all X-ray
satellites which allows for very accurate positions of X-ray sources to be determined.
A technical description of the XMM-Newton and Chandra instruments is given by
e.g. den Herder et al. (2001), Canizares et al. (2005) and Garmire et al. (2003).
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Figure 1.4: The X-ray spectrum of a NS X-ray binary 4U 1705-44 (Gilfanov 2010) in the soft
state (red color) and in the hard state (blue color).
1.2.2 Spectral modeling: approximating reality
Basic spectral components
In order to describe the most basic X-ray continuum spectrum of an X-ray binary one
needs to consider thermal disc emission, non-thermal emission (often ascribed to a
disc corona) and possibly emission from the surface of the compact object itself (in
the case of a NS).
The X-ray emission from the disc is usually represented by a superposition of a sev-
eral blackbody spectra of different temperatures (Mitsuda et al. 1984). The modified
black-body emission is proposed by Shakura & Sunyaev (1973) to describe the emis-
sion from an optically thick accretion disc. Although this model can successfully
describe most of the basic disc X-ray spectra, it needs to be stressed that in some
cases it is too simple a picture. In order to achieve a better agreement between the
disc spectra and the model additional effects have to be considered e.g. the Doppler
effect due to the motion of the matter in the disc, the effects of general relativity
close to the compact object or deviations from an optically thick disc (some of those
effects are already taken into account in the current models of disc emission). The
X-ray emission from the NS itself is usually approximated by a single temperature
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Figure 1.5: The incident and reflected spectrum assuming the reflecting material stays neutral
(left panel). Figure from Reynolds (1996). The ionized X-ray reflection model (right panel,
dashed line, Ross & Fabian 2005). The model that also includes broadening by the relativistic
effects e.g. the relativistic Doppler effect and gravitational redshift is shown as a solid line.
blackbody (e.g. Mitsuda et al. 1989).
The observed non-thermal spectrum could be produced by different radiation mech-
anisms (Maccarone & Coppi 2003) e.g. Compton up-scattering (Comptonization) of
disc photons on hot electrons distributed above the disc or synchrotron radiation
coming from the jet. In many cases, however, a simple power-law model is sufficient
to describe the non-thermal component in the low energy band (. 10 keV).
Observations have revealed that X-ray binaries can change the characteristics of
their X-ray spectra. There are two major spectral states for typical X-ray binaries:
a hard state characterized by a spectrum dominated by a non-thermal component
and usually associated with a low X-ray luminosity (low accretion rate) and a soft
state characterized by a spectrum dominated by a thermal component and usually
associated with a high X-ray luminosity (high accretion rate). Fig. 1.4 depicts (in
blue) the non-thermal (corona) dominated spectrum of X-ray binary 4U 1705-44 in
the hard state and (in red) the thermal (disc) dominated spectrum in the soft state.
X-ray reflection: properties and the measurement of the radius of the compact
object
The idea of X-ray reflection2 in Galactic X-ray sources was first proposed by Basko
et al. (1974) who showed that the strength of the reflection spectrum depends on
the competition of photoelectric absorption in the lower energy band and Compton
scattering in the high energy band. In the first calculations, the material off which
the photons were getting reflected was neutral (White et al. 1988, Reynolds 1996).
2The name ‘X-ray reflection’ should not be confused with the reflection occurring in e.g. X-ray optics.
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Fig. 1.5, left panel, shows the incident power-law spectrum and the reflected spectrum
assuming solar abundances of elements in the reflected material. The reflection
spectrum is composed of Compton backscattered radiation and fluorescent emission
lines. The high fluorescent yield, which represents the efficiency of the fluorescence,
and high cosmic abundance makes iron the strongest line in the reflection spectra.
This fluorescent iron line (Fe K-shell) has been observed frequently in spectra of
accreting sources: first in active galactic nuclei3 (AGN; Tanaka et al. 1995) and later
in accreting BH and NS X-ray binaries (Miller 2007, Cackett et al. 2008).
The assumption introduced in the early reflection models that the reflecting material
remains neutral is, however, unlikely for the regions of the accretion disc close to the
compact object. In those regions the disc, even if cold, will be strongly irradiated,
hence, ionized at least in the outer layer. Therefore, Ross & Fabian (2005) introduced
a reflection model which takes into account reflection off material ionized by the
incident spectrum. As a result of ionization the fluorescent emission lines become
broadened by effects of Compton scattering in these ionized top layers of the disc.
Additionally, the strength of the reflection spectrum becomes dependent on the
ionization state of the reflecting material.
The model of Ross & Fabian (2005) describes the reflection spectra observed in AGN
very well. However, it is not the best approximation for reflection spectra of X-ray
binaries in which the disc itself is hot, even if not irradiated by external X-rays (such
as in the high/soft state). Therefore, an intrinsic disc thermal component had to be
included in calculating the emerging reflection spectrum of X-ray binaries. Ross &
Fabian (2007) show some differences between the reflection models that assume cold
discs and those that assume hot discs. For example the emission lines are broader
due to a stronger Compton scattering when the disc emission is taken into account.
To add to these results the abundances of elements forming the accretion disc are
not always consistent with the solar abundances. As discussed earlier, in UCXBs
the donor star can be e.g. a carbon-oxygen WD. Hence, the chemical composition
of the disc in those cases is significantly altered from the typical ‘solar’ case and
emission lines other than that of iron could become the strongest in the observed
reflection spectrum (examples of those reflection lines are shown in Chapter 2 and
3). A more detailed discussion on the differences between the reflection spectra of
typical accreting sources and UCXBs is also included in Chapter 4.
If the reflection occurs in the inner part of the accretion disc, relativistic effects such
as gravitational redshift and relativistic Doppler effects additionally broaden the
spectra in a characteristic way (see Fig. 1.5, right panel, solid line). The relativistic
broadening depends on the inclination of the inner part of the disc with respect to
the observer, on how close the disc extends towards the compact object and on the
geometry of the light source responsible for illuminating the disc. Therefore, by
modeling the relativistically broadened reflection spectra one can perhaps determine
e.g. the inner radius of the accretion disc in units of GM/c2. In NS X-ray binaries
combining this information with constraints on the dynamical mass of the NS can
3active galactic nucleus-accreting supermassive BHs usually observed in the center of a galaxy
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Figure 1.6: The hardness-luminosity diagram for high-inclination BH X-ray binaries which
show disc wind absorption lines (left panel) and low-inclination BH X-ray binaries which lack
outflow signatures (right panel). Figure from Ponti et al. (2012).
give constraints on the NS EOS (see Section 1.1.2). Caution, however, is needed
when measuring the inner radius of the accretion disc using reflection spectra of X-
ray binaries. For example the contribution from Compton scattering has to be taken
into account properly otherwise it may influence the measurement of the contribution
from the relativistic broadening. Additionally, one should be careful when modeling
the reflection spectra in the high/soft state. Although the inner radius of the accretion
disc could be closer to the compact object than in the low/hard state (Esin et al. 1997)
the innermost region of the accretion disc may in fact be completely ionized and if
so, it does not contribute to the line emission.
Disc outflows: properties and the measurement of the mass of the compact object
Disc outflows are often observed in the spectra of LMXBs. The spectral signatures
of the wind contain absorption lines mainly from highly ionized iron but also from
other ions present in the wind. The lines are observed to be blueshifted which con-
firms that this matter flows out. Apart from such narrow absorption lines, sometimes
broad emission lines are observed resulting from emission reprocessed in the wind
where the lines are broadened by Compton scattering (e.g. Dı´az Trigo et al. 2012).
The signatures of disc outflows were first detected in GRO J1655−40 (e.g. Ueda et al.
1998) in low-resolution CCD spectra obtained with the ASCA satellite. The launch of
the XMM-Newton and Chandra satellites, however, allowed us to study the structure
of these winds in much more detail.
Soon afterwards the observations showed that outflows are visible only in high incli-
nation sources (& 60 deg, Boirin et al. 2005, Dı´az Trigo et al. 2006). This fact indicates
that the disc outflow has an equatorial geometry and it is confined to the plane of
the disc. Later, it was discovered that the wind absorption lines occur only in the
thermally dominated source state (see Fig. 1.6, Ponti et al. 2012). The work of Ponti
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et al. (2012) and other detailed case studies (e.g. Neilsen 2013) revealed that winds
change their properties (e.g. density, mass loss rate, ionization). Hence, they evolve
as the source changes state (for more details see e.g. Neilsen 2013).
The wind can be driven by different mechanisms e.g. thermal, radiative or mag-
netic. In the thermal mechanism the outer parts of the accretion disc are heated to
temperatures of ≈ 107 Kelvin (called Compton temperature). With such a high tem-
perature, the upper disc layer is expected to either puff up and form a static corona,
or produce a thermal wind, depending on whether the heated particles in the disc
have a velocity high enough to escape from the system (e.g. Begelman et al. 1983,
Proga & Kallman 2002). In the case of fully ionized gas (for a source with a high
luminosity) the radiation pressure due to electron scattering becomes an important
driving mechanism. The thermal/radiative driving mechanism can currently explain
the observations of most of the disc outflows. However, there have been claims of a
wind being driven by magnetic pressure as well in one observation of GRO J1655−40
(Miller et al. 2006a).
The outflows are studied in this work to test if one can use the outflow line features to
track the orbital motion of the compact object (S.-N. Zhang et al. 2012). Given that the
disc and compact object are moving together around the binary center of mass, the
orbital motion of symmetric disc features could constrain the motion of the compact
object. Taking phase resolved high-resolution X-ray spectra of the disc outflow one
can measure the Doppler shifts of the wind absorption lines corresponding to the
radial velocity of the disc and compact object. The radial velocity measurements of
the compact object and the donor star provides directly the mass ratio. Combining
this information with the mass function one can obtain a masses of both binary com-
ponents. The advantage of this method is that it makes the mass measurement model
independent. This method and its application is discussed further in Chapter 5.
1.2.3 Optical spectra: the measurement of the orbital period and
mass function in UCXBs
Determining the orbital period is essential for the classification of potential candidates
as UCXBs, however, it is not trivial. The most secure orbital period measurement
in UCXBs are obtained for accreting pulsars and involve measuring the arrival time
of the Doppler-shifted (due to the orbital motion) pulses. Other methods include:
measuring periodic eclipses or dips in the X-ray light curves of a high inclination
source or measuring the periodic modulation of the optical light resulting from the
X-ray irradiated donor or the superhump phenomenon. Currently, there are 13
sources known to belong to the class of UCXBs where the orbital periods have been
measured using one of these three methods (van Haaften et al. 2012a, and references
therein). However, there are still many candidates for which the orbital periods are
not measured.
In the quiescent LMXBs phase-resolved optical spectroscopy of the donor star is
used in order to track the orbital motion of the donor star, measure the orbital period
and the radial velocity amplitude. However, nowadays constraints on the mass
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function can sometimes also be obtained in persistent LMXBs. Although the disc
emission is the dominating contribution to the optical emission in persistent sources,
spectral signatures such as narrow components in the Bowen blend (a blend of ionized
nitrogen and carbon emission lines, McClintock et al. 1975) can be attributed to the
irradiated surface of the companion star. Hence, from these narrow line components
one can obtain the lower limit on the radial velocity of the donor star and therefore, a
lower limit on the mass function. This method was successfully applied to a number
of typical (hydrogen-rich) LMXBs so far (see e.g. Steeghs & Casares 2002, Cornelisse
et al. 2008). On the other hand when trying to apply this method to UCXBs one
needs to take into account that the properties of UCXBs differ from the properties
of typical LMXBs. For example since UCXBs have very short orbital periods and
are faint in the optical band compared to typical LMXBs, obtaining a good quality
phase-resolved spectrum requires a telescope with a large collective area (such as the
Very Large Telescope with its 8.2 meter diameter mirrors). Additionally, the Bowen
mechanism which makes the nitrogen emission lines particularly strong requires the
presence of helium in the system which, as mentioned before, in UCXBs is not always
the case. Finally, the difference in geometry between LMXBs and UCXBs (size of the
donor star with respect to the size of the disc) may affect the strength of the features
observed in the optical spectra. A more detailed discussion of the method of tracking
the motion of the donor star using time-resolved optical spectra of UCXBs can be
found in Chapter 6.
1.2.4 Outline of this thesis
The structure and topics covered in this Thesis are the following:
• In Chapter 2 and 3 I present the detection of a broad emission feature at ∼ 0.7
keV in the high-resolution XMM-Newton RGS spectrum of two UCXB candi-
dates: 4U 0614+091 and 4U 1543−624. As suggested before in the literature, the
donor star in these two sources is a carbon-oxygen or oxygen-neon-magnesium
WD, which transfers oxygen-rich material to the compact object. X-rays repro-
cessed in this oxygen-rich accretion disc could give a reflection spectrum with
O VIII Lyα at 0.654 keV as the most prominent emission line. Therefore, the
origin of this emission line is suggested to be X-ray reflection off highly ionized
oxygen, in the strong gravitational field close to the accretor.
• In Chapter 4 I discuss the differences between the X-ray reflection spectra
observed in LMXBs with hydrogen-rich and UCXBs with carbon-oxygen-rich
accretion discs. I introduce modified X-ray reflection models, tailored specifi-
cally to describe reflection spectra in the case of the UCXBs 4U 0614+091 and
4U 1543−624. The models are tested on the XMM-Newton and Chandra obser-
vations of the studied UCXBs. I find that the models can describe the spectra of
4U 0614+091 and 4U 1543−624 and provide a more physical description of the
X-ray reflection signatures. However, there are still open questions regarding
the assumptions made in the reflection models such as the choice of the density
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of the reflecting material or the approach to modeling the hydrogen and helium
poor gas.
• In Chapter 5 I discuss the applicability of the method pioneered by S.-N. Zhang
et al. (2012) in which the motion of the compact object is tracked using the ab-
sorption lines of the wind of the accretion disc. I present the velocity measure-
ments of the thermal wind lines observed in the X-ray spectrum of a few low-
mass X-ray binaries: GX 13+1, H 1743−322, GRO J1655−40 and GRS 1915+105.
The results reveal that the variability of the source luminosity occurring on a
time scale of days/months and possible asymmetries in the velocity and emis-
sion structure can affect the outflow properties. As a result it is difficult to track
the orbital motion of the compact objects using existing observations. Given
the intrinsic variability of the outflows I suggest that low-mass X-ray bina-
ries showing very stable coronae instead of an outflow could be more suitable
targets for tracking the orbital motion of the compact object.
• In Chapter 6 I present time-resolved optical spectra and X-ray light curves of the
ultra-compact X-ray binary candidate 4U 0614+091. I look for a periodic signal
in the spectral emission features and X-ray light curves that could be attributed
to the orbital period of 4U 0614+091. A weak periodic signal is found at ≈ 30
min in the most prominent spectral emission feature. It is possible that this
periodic signal represents the orbital period of the source, however, due to
the large number of periods reported for this source, confirmation is needed.
Additionally, no evident periodic signal is found (which could be attributed to
the orbital period of 4U 0614+091) in the X-ray light curves covering the soft
energy band (2 − 5 keV).
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A relativistically broadened
O VIII Lyα line in the
ultra-compact X-ray binary
4U 0614+091
O.K. Madej, P.G. Jonker, A.C. Fabian, C. Pinto, F. Verbunt and J. de Plaa
Published in MNRAS 2010, Volume 407, Issue 1, page 11 − 15
2.1 Abstract
Ultra-compact X-ray binaries consist of a neutron star or black hole that accretes
material from a white dwarf-donor star. The ultra-compact nature is expressed in
very short orbital periods of less than 1 hour. In the case of 4U 0614+091 oxygen-
rich material from a CO or ONe white dwarf is flowing to the neutron star. This
oxygen-rich disc can reflect X-rays emitted by the neutron star giving a characteristic
emission spectrum. We have analyzed high-resolution RGS and broad band EPIC
spectra of 4U 0614+091 obtained by the XMM-Newton satellite. We detect a broad
emission feature at ∼ 0.7 keV in both instruments, which cannot be explained by
unusual abundances of oxygen and neon in the line of sight, as proposed before in
the literature. We interpret this feature as O VIII Lyα emission caused by reflection of
X-rays off highly ionized oxygen, in the strong gravitational field close to the neutron
star.
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2.2 Introduction
The object of our study is the ultra-compact X-ray binary (UCXB) 4U 0614+091 con-
sisting of a neutron star that accretes gas from a white dwarf. The source is placed
close to the Galactic plane at a distance of 3.2 kpc (Kuulkers et al. 2009) towards
the Galactic anticenter. The characteristic that distinguishes UCXBs from low-mass
X-ray binaries (LMXBs) is a very short orbital period, it is typically less than 80
minutes. For this source, the measurements revealed an orbital period of ∼ 50 min
(Shahbaz et al. 2008). The light curve of this object does not show signs of eclipses
or dips, which indicates the upper limit of the inclination of the system to be around
70◦. The source experiences type I X-ray bursts (Swank et al. 1978, Brandt et al. 1992)
and is classified as an atoll source (Mendez et al. 1997), which means that it shows
transitions between the low/hard (island state) and high/soft state (banana state).
An interesting process occurring in neutron star LMXBs is reflection. The X-ray pho-
tons emitted from a neutron star can be reflected by the accretion disc, leading to
an X-ray emission line spectrum and free-free continuum. If the infalling photons
are reflected by the innermost part of the disc, where a strong gravitational field is
present, the observed spectral features will be broadened by the relativistic Doppler
effect and gravitational redshift (Fabian et al. 1989). The emission lines can be addi-
tionally affected by Compton scattering in the ionized disc material, which upscatters
the line photons preferentially to higher energies (Ballantyne et al. 2002). The most
prominent reflection line in the case of a disc consisting of gas with solar abundances
is that of Fe Kα at ∼ 6.4 keV and second strongest is O VIII Lyα at ∼ 0.65 keV. So far
only the Fe Kα line has been reported in the LMXBs (Reis et al. 2009, Cackett et al.
2009, Miller 2007).
Evidence for reflection in 4U 0614+091 was previously claimed in BeppoSAX data
(Piraino et al. 1999). The authors interpreted the spectral continuum-like feature
around ∼ 60 keV as the reflection from the optically-thick disc. A line-like feature at
0.7 keV indicating a possible broad O VIII emission line or a set of O VII-O VIII and
Fe XVII-Fe XIX lines was reported in the low-resolution EXOSAT and ASCA spectra
(Christian et al. 1994, Juett et al. 2001). However, Paerels et al. (2001) found no
evidence for emission lines in the high-resolution Chandra data. Paerels et al. (2001)
did report an overabundance of neon. Juett et al. (2001) showed that the feature at
0.7 keV could be eliminated in the ASCA spectra when the overabundance of neon
is considered. However, the neutral absorption edges of oxygen, iron and neon are
unresolved in those low-resolution spectra. Since the 0.7 keV feature appears close
to these edges, it is crucial for the determination of the continuum level to measure
their depths accurately.
We analyze simultaneous low and high-resolution spectra of 4U 0614+091 obtained
by the XMM-Newton satellite. The high-resolution spectra contain well resolved
absorption edges, which allow us to improve the measurement of the abundances
of oxygen, iron and neon with respect to the previous measurements done by Juett
et al. (2001). The residuals show that besides the higher than solar abundance of
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Figure 2.1: Residuals obtained by fitting an absorbed power-law model to the MOS2 data. Top-
left: Model assuming an interstellar medium (ISM) with proto-solar abundances of Lodders
(2003). The region 0.6−0.8 keV was excluded from the fit, Top-right: Model with an ISM where
the abundance of oxygen and neon are allowed to vary. A similar model was proposed by
Juett et al. (2001) to explain the excess emission around 0.7 keV. The fit gives an overabundance
of neon and an underabundance of oxygen. Bottom-left: Model with abundances of oxygen,
iron and neon constrained from the RGS high-resolution spectra. The region 0.6− 0.8 keV was
excluded from the fit. Bottom-right: Model with parameters of the Gaussian line obtained
from the RGS spectra.
neon there is a broad emission feature present in the data with a peak at the position
of the O VIII Lyα line.
2.3 Observations and data reduction
XMM-Newton observed 4U 0614+091 on 2001 March 13 starting at 9:35 UT for ∼ 11 ks
and immediately afterwards at 12:32 UT for ∼ 17 ks. In both parts of the observation
two Reflection Grating Spectrometers (RGS) were collecting data. RGS is a high-
resolution spectrometer covering the energy range from 7 to 38 Å (0.3−2.1 keV) with
spectral resolution of E/∆E =100 to 500 (den Herder et al. 2001). In the second part of
the observation the European Photon Imaging Cameras: MOS1, MOS2 and pn were
collecting data simultaneously with RGS. MOS1, MOS2 and pn provide broad band
spectral coverage with modest resolution (E/∆E =20 to 50) over the energy range of
0.3 to 10 keV (Turner et al. 2001). The MOS1 and pn camera were operated in the
Timing mode, while MOS2 was operated in the Full Frame (Imaging) mode.
We reduce the data using the XMM-Newton Data Analysis software SAS version 9.0.
The light curve shows no significant contamination from soft protons. We extract
source photons with pixel pattern equal to 0 from the MOS1 camera with rawx from
300 to 320 and background with rawx from 260 to 280 (beyond the source PSF). The net
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source count rate is 58.54±0.06 c s−1 (full bandpass). We extract the MOS2 observation
with pixel pattern below or equal to 12. The MOS2 observation suffers from pile-up.
In order to reduce the effect of pile-up on the source spectrum, we exclude events
from within the circle with a radius of 24 arcsec centered on the source position. The
background spectrum for the MOS2 observation is extracted from CCD-3. The net
source count rate is 13.01 ± 0.03 c s−1. We extract source photons with pixel pattern
less than 5 from the pn camera with rawx from 33 to 45 and background with rawx
from 15 to 25. The net source count rate is 238.74 ± 0.14 c s−1.
The data collected by RGS are reduced using standard software pipeline which
generates source and background spectra as well as response files. We fit the data
using the spex package1 (Kaastra et al. 1996). Errors on the fit parameters reported
throughout this Manuscript correspond to a 68% confidence level for each calculated
parameter (∆χ2 = 1).
2.4 Analysis and results
2.4.1 Model with high neon abundance
Broad band spectra
The typical continuum model for X-ray binaries contains two components: a power-
law, which is important in the island state and a black body, which is important in the
banana state of the source. In our case adding a soft thermal component (black body)
does not improve the fit, therefore we use only a power-law to fit the data. During
the observation the source was in the island state (Mendez et al. 2002), hence it is not
surprising that the soft thermal component is not present. The X-ray spectrum of
the source is affected by the interstellar medium. Most of the gas in the line of sight
is neutral (Ferrie`re 2001), therefore as to a first approximation we use only a neutral
absorption model (hot model with very low temperature-neutral gas limit). This
model calculates the transmission of a plasma in collisional ionization equilibrium.
For the reference abundances of elements in the neutral gas we choose the proto-solar
abundances of Lodders (2003).
The data from the MOS1, MOS2 and pn cameras do not agree in the soft part of
the spectrum. It was reported that the timing mode calibration of MOS has larger
uncertainties than the imaging mode calibration (in’t Zand et al. 2008). The differ-
ences between MOS2 and pn spectra below 1 keV may indicate also uncertainties in
the pn timing mode calibration. Therefore we focus on the MOS2 data only. In the
case of the MOS1 and pn data we report only the fit in the range 1 − 10 keV. The fit
gives a slope of the power-law of 2.173 ± 0.004 with χ2ν = 2.6 for 242 d.o.f. for MOS1
and 2.216 ± 0.001 with χ2ν = 2.1 for 735 d.o.f. for the pn. We fit MOS2 in the range
0.4 − 10 keV assuming an interstellar medium (ISM) with proto-solar abundances.
The best-fit model leaves a large residual in the soft X-ray part of the spectrum (Fig.
1http://www.sron.nl/spex
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Figure 2.2: The best-fitting absorbed power-law model overlaid on the RGS spectrum extracted
from the second part of the observation of the 4U 0614+091. The residuals show a broad
emission feature with a peak at ∼ 19 Å. The residual at ∼ 22.7 Å is most probably caused by
the molecular gas in the interstellar medium, which changes the fine structure of the absorption
edge with respect to the atomic gas (see text).
Table 2.1: Parameters from the best fit of the model to the MOS2 data. Parameters fixed to the
values found in the local fits to the RGS spectra are marked in italics.
Parameter MOS2
model-MOS model-RGS
Γ 2.23 ± 0.01 2.220 ± 0.006
NH[1021cm−2] 3.24 ± 0.04 3.04
A∗O 0.50 ± 0.03 1.0
ANe 4.3 ± 0.2 3.8
AFe 1.0** 0.23
EGauss [keV] - 0.67
FWHM [keV] - 0.14
χ2ν (d.o.f.) 1.3 (279) 1.13 (282)
∗Note the difference between the abundances obtained from fitting MOS and RGS data separately.
∗∗Parameter fixed during fitting.
2.1 upper left panel). The possible solution proposed by Juett et al. (2001) is to allow
the oxygen and neon abundances, whose absorption edges play a significant role in
this region, to vary while fitting. Although the fit is much better, the residuals clearly
show that the fit can still be improved (Fig. 2.1 upper right panel). In addition the
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fit gives an unexpected significant underabundance of oxygen (see Table 2.1, column
model-MOS).
Constraining abundances from RGS data
Since the spectral resolution of the MOS2 data is not sufficient to resolve the neon and
oxygen edge, we analyse the RGS data. Since the source is variable, we focus on the
second part of the observation, which is simultaneous with the MOS2 observation.
We use the slope of the power-law determined by fitting the MOS2 data as starting
value while fitting RGS data. We do not fix the parameter because of the possible
cross-calibration uncertainties. The high-resolution spectra of the source show a
prominent Ne K-edge at 14.3 Å, Fe L-edge at 17.3 Å and O K-edge at 23.05 Å (Fig.
2.2). We measure the depth of these absorption edges by fitting the spectra locally
with the slab model (Kaastra et al. 2002). This model calculates the transmission
of a slab of gas containing individually selected elements with the same atomic ab-
sorption cross-sections as used in the neutral absorption model. The model contains
the detailed structure of the edges. For this purpose we take the following energy
ranges: 21 − 24 Å for the O K-edge, 16 − 18 Å for the Fe L-edge and 12 − 16 Å for the
Ne K-edge. For these local fits the power-law slope is fixed to the one found from
the overall fit. The results are included in the Table 2.2.
The abundance of oxygen in the ISM agrees with the proto-solar abundance of Lod-
ders (2003), contrary to the results of Juett et al. (2001). As for the abundance of
neon, we find an overabundance of ∼ 3.8 over proto-solar, which supports the results
obtained by Paerels et al. (2001). The amount of iron, that we measure is significantly
lower than what we would expect from the ISM with proto-solar abundances.
A feature at ∼ 19 Å
We refit the full RGS spectra with the column densities of oxygen, iron and neon
fixed to the values derived from the local fits. The fit gives χ2ν = 2.97 for 685 d.o.f.
and the residuals show structure around 19 Å (0.7 keV). Therefore we refit the RGS
spectrum excluding the range 16 − 21 Å. We detect a broad feature with a peak at
19 Å in both parts of the XMM-Newton observation (Fig. 2.2 is made using only the
second part of the observation). Modeling the feature with a Gaussian line reveals
the center to be at ∼ 18.6 Å with a FWHM of ∼ 4 Å (see Table 2.2) and equivalent
width of 1.1 Å (41 eV), which is calculated by taking the flux of the continuum and
Gaussian line in the range 16 − 21 Å.
We use abundances determined from the second part of the RGS observation to refit
the simultaneous MOS2 data with the column densities of each element fixed. The
fit reveals an emission feature at around 0.7 keV (Fig. 2.1 lower left panel). The
inclusion of the Gaussian line with the parameters fixed to those found in the RGS
data improves the fit to the MOS2 data further with χ2ν = 1.13 for 282 d.o.f. (Table
2.1, Fig. 2.1, lower right panel).
Chapter 2 23
Figure 2.3: The best-fitting absorbed power-law model with a reflection component overlaid
on the RGS and MOS2 spectrum of 4U 0614+091. The power-law and reflection components
are additionally plotted in the dashed and dashed-dotted lines respectively.
Table 2.2: Parameters from the best fit to the RGS data.
RGS
Parameter part 1 part 2
Γ 2.37 ± 0.03 2.26 ± 0.02
NH [1021cm−2] 3.2 ± 0.05 3.04 ± 0.04
AO 0.93 ± 0.06 1.01 ± 0.04
ANe 4.2 ± 0.2 3.8 ± 0.15
AFe 0.48 ± 0.13 0.23 ± 0.07∗
χ2ν/d.o. f . 1.82/519 2.97/685
Gaussian profile
λGauss [Å] 18.64 ± 0.17 18.56 ± 0.10
FWHM [Å] 4.60 ± 0.45 3.87 ± 0.28
EqW [Å] 1.31 ± 0.14 1.1 ± 0.1
χ2ν/d.o. f . 0.98/516 1.38/682
∗Note low abundance of iron (see Section 2.5).
2.4.2 The broad emission feature: relativistic or Compton scattering
broadening ?
Whereas the Gaussian line on-top of a power-law continuum describes the data, the
model lacks a physical interpretation. A plausible interpretation of the emission
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feature is that of a relativistically broadened emission line. Therefore we fit the Laor
profile (Laor 1991) to the residuals present in the RGS data. Since the peak of the
feature is very close to the energy of the O VIII Lyα, we fix the wavelength of the line
to 18.97 Å. We fix the outer radius to 1000 GM/c2. The fit reveals an unexpectedly
high inclination of 88◦ (Table 2.3). With such a high inclination, we expect to observe
eclipses in the light curve, which are not present. It could be the case that the inner
part of the disc, where the photons are reflected, has a different inclination than the
binary system. The inner part of the disc can be warped and twisted if it is strongly
irradiated by the neutron star in a non-uniform way (Pringle 1996). The fit gives
an inner radius of ∼ 14 GM/c2 with χ2ν = 1.44 for 681 d.o.f., however we find also
another solution rin ∼ 3.5 GM/c2 with χ2ν = 1.45.
An additional mechanism broadening the line is Compton scattering. The Compton
downscattering can be estimated using the formula σE/E = Eτ2/mec2, where σE is
Half Width at Half Maximum of the Gaussian line and E is the energy of the line
in keV. The calculation gives τ ≈ 9, which seems unlikely, since it indicates an
extremely optically-thick layer of material. This makes it impossible that Compton
downscattering alone is responsible for the line broadening. Therefore, the plausible
solution points towards broadening by the strong gravitational field and scattering
off the ionized material of the disc.
2.4.3 Adding a reflection model
We fit a relativistically broadened reflection model reflionx (Ross & Fabian 2005),
available in xspec (Arnaud 1996), which takes into account effects of Compton scat-
tering in the ionized reflecting material. For the relativistic broadening we use the
convolution model kdblur (based on Laor model) and for the Galactic absorption
we use the tbnew model (Wilms et al., in prep). In order to fit the spectrum with
the reflection model we need a significant overabundance of oxygen. In order to
mimic the enhancement of oxygen, we decrease the abundance of iron by a factor of
5. Using the described fit-function we find that the χ2 distribution around the (local)
minimum for the inner radius does not allow for an error screening on the best-fit rin
values using the current data set. Because of additional complexity of the reflection
model, we fix the inner disc radius to that of the innermost stable circular orbit for
a non-rotating neutron star (6 GM/c2). The outer disc radius is again fixed to 1000
GM/c2. In the fit we use RGS in the same energy range as before and MOS2 in the
range from 1.5 to 10 keV, in order to have good constraints on the power-law slope
and the abundances of oxygen, iron and neon. The best fit yields a χ2ν = 1.28 for
1454 d.o.f. (see Fig. 2.3).The best-fit inclination is ∼ 57 deg and the best-fit ionization
parameter is ∼ 222 erg cm s−1 (Table 2.3), which indicates that indeed some Compton
scattering is present as well as relativistic broadening effects.
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Table 2.3: Parameters from the best fit to the second part of the observation: RGS data fitted
with an absorbed power-law and a Laor profile and combined RGS and MOS2 data fitted with
an absorbed power-law and a reflection model.
Laor profile Reflection model
parameter RGS-part 2 RGS & MOS2
rin 3.5 ± 0.4 14 ± 1 6.0∗
q 2.24 ± 0.07 2.3 ± 0.1 2.56 ± 0.03
i [deg] 88.0 ± 0.1 86.8 ± 0.2 57.1 ± 0.5
ξ [erg cm s−1] - - 222+22−10
χ2ν/d.o. f . 1.45/681 1.44/681 1.28/1454
∗Parameter fixed during the fitting.
2.5 Discussion
Using high-resolution spectra we have shown that a model with an overabundance
of neon and underabundance of oxygen cannot fully describe the soft X-ray spectra
of 4U 0614+091, contrary to the earlier suggestions (e.g., Juett et al. 2001). The spectra
show an emission line-like feature with a peak at ∼ 19 Å. We investigate a possible
interpretation of this feature as relativistically broadened emission line of O VIII Lyα
and discuss the uncertainties introduced by using only one ISM component (neutral
gas). During the refereeing process of this Manuscript the work of Schulz et al. was
submitted, confirming the presence of this broad O VIII emission line using Chandra
data.
The fact that we do not observe the Fe Kα line in the broad band spectra indicates
that the abundances in the accretion disc differ from solar. Optical spectra of this
source show that this is indeed the case as expected from a white dwarf donor star.
Nelemans et al. (2006) find emission lines of oxygen and carbon. We detect also a
significant overabundance of neutral neon with respect to the ISM, which probably
originates from the source (Juett et al. 2001). This points towards a CO or an ONe
white dwarf as the donor star. In both cases, the amount of oxygen in the disc is
greatly enhanced with respect to LMXBs with a main-sequence mass donor. The
model of Ballantyne et al. (2002) predicts that with the significant amount of oxygen
in the disc the O VIII line becomes the most prominent line in the reflection spectrum.
We have shown that using a currently available reflection model it is possible to get
a good fit by lowering the abundance of iron. The fit gives a reasonable value of the
inclination together with significant ionization of the disc material.
In our analysis we took into account only neutral gas ISM components. Since the
source spectrum has substantial absorption of the Galactic ISM, we expect other
components like dust, molecular gas, warm and hot ionized gas to play a role as
well. We find low abundance of iron, which can be explained by the screening effect
in the ISM dust grains (see Kaastra et al. 2009) indicating iron bound in dust in the
line of sight. The residual at 22.7 − 23.2 Å shows that oxygen may be bound in
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molecules, which significantly changes the fine structure of the edge compared to
the atomic case (Pinto et al. 2010). The narrow features close to the neon edge hint at
the presence of ionized neon indicating warm gas, however we cannot constrain the
amount owing to the limited signal-to-noise ratio of the data. The hot gas in the outer
parts of the Galaxy, where the source is placed, originates from supernova remnants.
The radio map of 4U 0614+091 shows no evidence of a supernova remnant in the
line of sight (Miller-Jones, private communication).
We attempted to constrain the inner radius of the accretion disc, however we obtained
two solutions with comparableχ2 value: rin ∼ 3.5 and 14 GM/c2. Deeper observations
are necessary to measure the inner radius accurately.
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3.1 Abstract
We report the discovery of a broad emission feature at ∼ 0.7 keV in the spectra
of the ultra-compact X-ray binary 4U 1543−624, obtained with the high-resolution
spectrographs of the XMM-Newton and Chandra satellites. We confirm the presence
of the feature in the broad band MOS2 spectrum of the source. As suggested before
in the literature, the donor star in this source is a CO or ONe white dwarf, which
transfers oxygen-rich material to the accretor, conceivably a neutron star. The X-rays
reprocessed in this oxygen-rich accretion disc could give a reflection spectrum with
O VIII Lyα as the most prominent emission line. Apart from the feature at ∼ 0.7 keV
we confirm the possible presence of a weak emission feature at ∼ 6.6 keV, which was
reported in the literature for this data set. We interpret the feature at ∼ 0.7 keV and
∼ 6.6 keV as O VIII Lyα and Fe K α emission respectively, caused by X-rays reflected
off the accretion disc in the strong gravitational field close to the accretor.
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3.2 Introduction
The ultra-compact X-ray binaries (UCXB) are a subclass of low mass X-ray binaries
(LMXB), which have very short orbital periods, typically less than 80 min. In this
type of systems the hydrogen-poor donor star transfers material to a black hole or
a neutron star. The UCXB candidate 4U 1543−624 has an orbital period of 18.2
min (Wang & Chakrabarty 2004). The source is placed near the Galactic plane
(l = 322◦, b = −6◦) at a distance of ∼ 7 kpc. It is a low inclination system (i < 70◦),
since it lacks eclipses or dips in the light curve. Type I X-ray bursts have never been
reported for this source, therefore the nature of the compact object is uncertain. The
donor star is most probably a CO or ONe white dwarf, based on the presence of
oxygen and carbon lines in the optical spectra (Nelemans et al. 2006) and neutral
neon in the X-ray spectra of this source with abundance well above the abundance
expected in the interstellar medium (ISM) (Juett et al. 2001).
The X-ray photons, that are reprocessed in this oxygen-rich material transferred to
the accretor may show up in the spectrum in the form of a broad emission O VIII Lyα
line (at ∼ 0.65 keV), as recently found using XMM-Newton data in a similar oxygen-
enriched UCXB 4U 0614+091 (Madej et al. 2010). Schulz et al. (2010) confirmed the
presence of the O VIII Lyα line in 4U 0614+091 using Chandra data. This line is
the second strongest line after Fe Kα (at ∼6.4 keV) in the reflection spectrum in the
case of an accretion disc with solar abundances. However, it may become the most
prominent line, when a significant overabundance of oxygen in the accretion disc is
considered (Ballantyne et al. 2002). Since the line is thought to originate from the
inner part of the accretion disc it is broadened by the effects of strong gravity close
to the accretor, like gravitational redshift and the relativistic Doppler effect (Fabian
et al. 1989). Additional broadening may come from Compton upscattering on hot
electrons in the ionized disc material (Ballantyne et al. 2002).
Evidence for an emission feature at ∼ 0.7 keV in 4U 1543−624 was found before
in ASCA and BeppoSAX data (Schultz 2003). Juett et al. (2001) used ASCA data to
show that the feature could be fitted with a higher-than-solar neon abundance in the
line of sight. The analysis of the high-resolution data of 4U 1543−624 confirmed the
overabundance of neon (Juett & Chakrabarty 2003). The authors reported however
a 10-20% residuals around ∼ 0.7 keV (18 Å), which they ascribed to an calibration
uncertainty.
Emission at around 6.4 keV indicating the presence of the Fe Kα line was detected
for this source in the high state spectra of RXTE and EXOSAT (Schultz 2003). Juett &
Chakrabarty (2003) found also a Gaussian feature in the XMM-Newton data, discussed
in this paper. The parameters of the Gaussian are comparable to the one found by
Schultz (2003) in RXTE data. The authors however reject the interpretation of this
feature as due to Fe emission, because of the large width and instability of the XMM
fits. Analysis of the same XMM-Newton data set done by Ng et al. (2010) reveals the
presence of a much narrower Fe Kα line than that reported by Juett & Chakrabarty
(2003).
We reanalyze the high-resolution and broad band spectra of 4U 1543−624 obtained
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by the XMM-Newton satellite. Since the work of Juett & Chakrabarty (2003), the
calibration of the RGS instrument improved sufficiently to show that the residual at
∼ 0.7 keV is not a calibration issue, but a real emission feature. Furthermore, the
feature is not present in the sources of similar flux and spectrum. In the spectrum
obtained with the HETGS instrument on board of Chandra satellite we find a residual
at ∼ 0.7 keV similar to the one in the RGS spectrum. We attribute this feature to
a broad O VIII Lyα line. Additionally we investigate the presence of the emission
feature at ∼ 6.4 keV in both data sets.
3.3 Observations and data reduction
XMM-Newton observed 4U 1543−624 for ∼ 50 ks on 2001 February 4 starting at 13:17
UT. During the observation the two Reflection Grating Spectrometers (RGS) and the
European Photon Imaging Cameras MOS1, MOS2 and pn were collecting data. The
MOS1 and pn cameras were operated in the Timing mode, while MOS2 was oper-
ated in the Full Frame (Imaging) mode. Because of the larger uncertainties in the
spectral calibration for the Timing mode with respect to the Imaging mode of the
MOS cameras we do not analyze data obtained from MOS1 camera. In the case of
pn data, it was reported that pn camera in the Timing mode is not well calibrated in
the soft part of the spectrum. Therefore in this analysis the part of the pn spectrum
below 1.5 keV is excluded. We reduce the data using the XMM-Newton Data Analysis
software SAS version 10.0. The observation is not contaminated by soft proton flares.
We extract the MOS2 observation with pixel pattern ≤ 12. The MOS2 observation
suffers from pile-up, therefore we exclude events from within a circle with a radius
of 15 arcsec centered on the source position. We check using the epat-plot tool that
there is no evidence for pile-up in the selected annulus. The background spectrum
for the MOS2 observation is extracted from CCD-3. The net source count rate is
9.37±0.01 c s−1. We extract the pn observation with pixel pattern ≤ 4 in rawx from 30
to 45. The background is extracted in rawx from 10 to 20. The net source count rate is
92.41±0.05 c s−1. The data collected by RGS are reduced using the standard software
pipeline which generates source and background spectra as well as response files.
The net source count rate for RGS1 and RGS2 are 4.04±0.01 c s−1 and 5.75±0.01 c s−1,
respectively.
Chandra observed 4U 1543−624 for∼30 ks on 2000 September 12 starting at 08:16. Dur-
ing the observation the High Energy Transmission Grating Spectrometer (HETGS)
together with the Advanced CCD Imaging Spectrometer (ACIS) was used. The
HETGS includes two transmission gratings: the Medium Energy Grating (MEG) and
High Energy Grating (HEG) covering the wavelength range 2.5-31 Å and 1.2-15 Å
respectively. We use processed data available on the Transmission Grating Catalog
and Archive (TGCat, http://tgcat.mit.edu/). The net source count rate for MEG is
10.8 ± 0.2 c s−1 and for HEG is 5.25 ± 0.02 c s−1.
We fit the data using the xspec package (Arnaud 1996). Errors on the fit parameters
reported throughout this paper correspond to a 68% confidence level for each single
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fit parameter (∆χ2 = 1). In the case of the Chandra observation we use the Cash
statistics, since most of the spectral bins in the region where the spectral edges occur
(see Section 3.4.2) contain less than 30 counts.
3.4 Analysis and results
3.4.1 Continuum model
The model reported in the literature for the XMM-Newton and Chandra data sets,
analyzed in this paper, consists of an absorbed powerlaw and black body (Juett &
Chakrabarty 2003). Another model includes an absorbed black body plus a disk black
body (Ng et al. 2010) and was used to fit only EPIC-pn data, in the energy range 0.7-10
keV. Schultz (2003) used the model comprised of black body and Comptonization
components to fit RXTE, BeppoSAX and ASCA data. The resulting high optical depths
(τ > 10 in most cases) of the Comptonizing plasma mean that the spectra are close
in shape to a cut-off powerlaw. Since the limited energy range (until 10 keV) of
EPIC and HETGS data (until 7 keV) does not allow us to constrain the parameters
of Comptonization model, we choose combinations of black body and powerlaw
components.
We simultaneously fit the RGS, MOS2 and pn data obtaining fits with similar χ2ν
value using the following models (see Fig. 3.1). Model A: a broken powerlaw
(bknpower model in XSPEC) together with a disc black body, absorbed by cold
circumstellar/interstellar matter (TBnew). The TBnew model is also used in the
Model B and Model C. Model B: an absorbed disc black body (diskbb in XSPEC)
and a black body (bbodyrad). Model C: an absorbed cut-off powerlaw (cutoffpl)
and a black body. The best-fit parameters are listed in the Table 3.1. In the case of
HETGS data, we obtain the best fit to MEG and HEG data (fitted simultaneously)
using an absorbed powerlaw and a black body (model D). We add a multiplicative
factor (constant) in front of all of the models in order to account for possible cross-
calibration uncertainties of the instruments. For the reference abundances of elements
in the neutral absorber we use the proto-solar abundances of Lodders (2003).
The RGS data are fitted in the energy range from 7 Å to 30 Å, MOS2 in the range 0.4
keV to 10 keV, pn in the range 1.5 keV to 10 keV, MEG in the range from 2 Å to 26 Å
and HEG in the range 2 Å to 13 Å. The source flux in the energy range 0.5 − 10.0
keV for the XMM-Newton observation is 7.37 ± 0.01 × 10−10 erg cm−2 s−1 (calculated
using MOS2 data and Model C) and for the Chandra observation is 10.02±0.08×10−10
erg cm−2 s−1 (calculated using MEG data).
3.4.2 Measuring abundances in the RGS & HETGS data
We start the analysis of the region around O VIII Lyα (at∼ 18 Å≈ 0.7 keV) from fitting
absorption edges prominent in this part of the spectrum (see Fig. 3.2). We measure
the depth of the following absorption edges: the Ne K-edge (at 14.3 Å), the Fe L-edge
Chapter 3 31
Figure 3.1: The continuum models fitted to the XMM-Newton: RGS1 (red) + RGS2
(green)+MOS2 (blue)+pn (black) and Chandra MEG (red)+HEG (black) spectra of 4U 1543−624.
The panels show the unfolded spectra and the model components (dotted lines). Top left:
XMM-Newton data set fitted with model A: TBnew*(bknpower+diskbb), Top right: XMM-
Newton data fitted with model B: TBnew*(bbrad+bbrad+diskbb), Bottom left: XMM-Newton
data fitted with model C: TBnew*(cutoffpl+bbrad). Bottow right: Chandra data fitted with
model D: TBnew*(pl+bbrad). The residuals show a broad emission feature at ∼ 0.7 keV and
weak feature at ∼ 6.6 keV when model B and C is used. The absorption features at ∼ 1.84 keV
and ∼ 2.28 keV in the pn data are probably caused by calibration uncertainties (Ng et al. 2010).
(at 17.3 Å) and the O K-edge (at 23.05 Å) by fitting the spectra locally. We use the
following wavelength ranges for these fits: 21 − 26 Å for the O K-edge, 16 − 18 Å for
the Fe L-edge and 12 − 16 Å for the Ne K-edge. For these local fits the continuum
model is fixed to the one found from the overall fit to the RGS, MOS2 and pn data.
In order to determine the depths of the spectral edges of oxygen, iron and neon in
MEG and HEG data we use the same wavelength ranges as used for the local fits
to the RGS data. We fix the continuum model parameters to those found from the
overall fit to the MEG and HEG data. The results are included in the Table 3.1.
3.4.3 Emission features at ∼ 0.7 keV and ∼ 6.4 keV
We refit the RGS, MOS2 and pn spectrum with the column densities (abundances
and NH) of oxygen, iron and neon fixed to the values measured from the local fits to
the RGS data. We fix the NH to the value obtained from fitting the overall spectrum
excluding the region from 16 Å to 21 Å. The fits for all investigated continuum
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Figure 3.2: Left: the continuum model C overlaid on the XMM-Newton RGS spectrum of
the 4U 1543−624. Right: the continuum model D overlaid on the Chandra MEG spectrum.
Both spectra show prominent absorption edges: O K-edge at 23.05 Å, Fe L-edge at 17.3 Å, Ne
K-edge at 14.3 Å. The residuals show a broad emission feature at ∼ 0.7 keV.
models reveal structure around 0.7 keV (see Fig. 3.1). In the case of model B and C
for the continuum there is also an emission feature present around 6.6 keV. We do not
detect a significant emission feature at 6.6 keV while using model A. It is conceivable
that this is caused by the fact that the energy of the powerlaw break in this case is
close to 6.6 keV.
First, we model the emission features with a Gaussian. The centroid of the line for
all of the continuum models is around 0.69 keV with σ ≈ 0.06 keV. As for the feature
in the high energy part of the spectrum, the centroid is around 6.7 keV with σ ≈ 0.4
keV and 6.6 keV with σ ≈ 0.6 keV for models B and C, respectively.
The major improvement of the χ2ν value comes from the inclusion of the line in the
soft part of the spectrum (∆χ2 = −1555,−1854 for model B and C, respectively, see
Table 3.2). Further, minor improvement of the χ2ν value comes from inclusion of the
line around 6.6 keV (∆χ2 = −49,−150 for model B and C, respectively).
We fit MEG and HEG data with the abundances of oxygen, iron and neon fixed to the
values obtained from the local fits and NH obtained from fitting the overall spectrum
excluding the region from 16 Å to 21 Å. The fit reveals the presence of an emission
feature around 18 Å as well. Inclusion of the Gaussian line improves the fit to MEG
and HEG data by ∆Cstat = −101. The center of the Gaussian line is at ≈ 0.7 keV and
the σ ≈ 0.06 keV. We do not detect a significant emission feature around 6.6 keV.
3.4.4 Laor profile
Based on the fact that the accretion disc is overabundant with oxygen and affected by
the strong gravitational field of the accretor, a possible interpretation of the feature
at ∼ 0.7 keV is a relativistically broadened emission line of O VIII Lyα. Therefore we
fit a Laor profile to the residuals present in the RGS+MOS2 and HETGS data. We fix
the wavelength of the line to 0.654 keV (the position of O VIII Lyα). The outer radius
of the disc is fixed to 1000 GM/c2. The fit to RGS+MOS2 data gives an inclination of
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Table 3.1: Parameters from the best fit continuum models to XMM-Newton (Model
A, B, C) and Chandra data (Model D). Model A: TBnew*(bknpower+diskbb), B: TB-
new*(bbrad+bbrad+diskbb), C: TBnew*(cutoffpl+bbrad), D: TBnew*(powerlaw+bbrad). The
errors on the abundances of oxygen, iron and neon are calculated from the local fits. In this fit
the region from 16 Å to 21 Å was excluded.
Parameter Model A Parameter Model B
NH [1021cm−2] 2.93 ± 0.02 NH [1021cm−2] 2.54 ± 0.03
AOI 1.11 ± 0.02 AOI 1.31 ± 0.03
ANeI 4.4 ± 0.1 ANeI 5.3 ± 0.1
AFeI 0.82 ± 0.09 AFeI 1.0 ± 0.1
Γ1 1.861 ± 0.007 Tbb1 [keV] 0.515 ± 0.004
Γ2 3.36 ± 0.03 Tbb2 [keV] 1.524 ± 0.004
E0 [keV] 6.69 ± 0.03 Tdbb [keV] 0.320 ± 0.004
Tdbb [keV] 0.441 ± 0.005 χ2ν/d.o. f . 1.41/2762
χ2ν/d.o. f . 1.42/2761
Parameter Model C Parameter Model D
NH [1021cm−2] 2.62 ± 0.03 NH [1021cm−2] 3.37 ± 0.1
AOI 1.25 ± 0.03 AOI 1.0 ± 0.2
ANeI 5.1 ± 0.1 ANeI 4.3 ± 0.3
AFeI 1.0 ± 0.1 AFeI 0.9 ± 0.3
Γ 0.99 ± 0.03 Γ 1.71 ± 0.01
Ecut [keV] 1.14 ± 0.02 Tbb [keV] 0.221 ± 0.008
Tbb [keV] 1.584 ± 0.005 Cstat/d.o. f ./NBIN 1110/815/821
χ2ν/d.o. f . 1.46/2762
∼ 87◦ and an inner radius of ∼ 4 GM/c2 for model B and C and ∼ 13 GM/c2 for model
A.
Fitting the residual present in the HETGS data with the Laor profile gives a reasonable
value of the inclination of 54◦ (see Table 3.3).
Additionally we fit the Laor profile to both features at ∼ 0.7 and ∼ 6.6 keV for model
B and C, coupling the inner radius, inclination and emissivity index. The energy of
the line in the soft part of the spectrum is fixed to the energy of O VIII Lyα. The
energy of the line at ∼ 6.6 keV we keep free due to the possible contribution from a
number of iron ions (Fe I−Fe XXVI). In the case of both models B and C we obtain a
result consistent with the case of the fit of a single Laor profile to the 0.7 keV feature
for the inclination and inner radius.
Similar to the case of 4U 0614+091, the lines, apart from relativistic broadening, can be
additionally affected by the Compton scattering in the ionized disc material (Madej
et al. 2010), which, if not taken into account, could artificially increase the inclination
in the Laor profile fit.
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Table 3.3: Parameters of the Laor profiles fitted to emission features found at ∼ 0.7 keV and 6.6
keV in the XMM-Newton and Chandra data. In the case of XMM-Newton data three different
continuum models are used (see text). The energy of the line marked in italics is fixed during
the fitting.
Laor
Model E [keV] i [deg] rin [GM/c2] χ2ν/d.o. f .
A 0.654 70 ± 1.5 13.0+0.4−0.8 1.46/2916
B 0.654 86.9 ± 0.2 4.1 ± 0.4 1.44/2916
6.3 ± 0.1 87.0 ± 0.2 4.4 ± 0.4 1.43/2914∗
C 0.654 86.7 ± 0.1 3.8 ± 0.2 1.45/2917
6.38 ± 0.09 86.8 ± 0.1 3.6 ± 0.3 1.42/2915∗
Cstat/d.o. f ./NBIN
D 0.654 54 ± 1 3.1 ± 0.7 1216/909/918
∗ In this fit the Laor profile used for modelling the feature at ∼ 0.7 keV is also included.
Table 3.4: Parameters from the best-fit model consisting of relativistically broadened reflection
component, cut-off powerlaw and black body, fitted to the RGS1,2+MOS2+pn data. Parame-
ters fixed during the fitting are marked in italics.
TBnew*(kdblur*reflionx+bbody+cutoffpl)
NH [1021cm−2] 2.64 ± 0.04
AOI 1.26 ± 0.02
ANeI 5.4 ± 0.1
AFeI 0.66 ± 0.09
Γ 0.50 ± 0.05
Ecut [keV] 0.9 ± 0.1
Tbb [keV] 1.481 ± 0.007
qkdblur 2.77 ± 0.03
rin [GM/c2] 6.0
i [deg] 54.3 ± 0.4
Γre f lionx 1.97 ± 0.04
A∗Fe 0.5
ξ [erg cm s−1] 250 ± 11
χ2ν/d.o. f . 1.44/2913
∗ Abundance of iron in the reflionx model. Abundances of other elements in this model are fixed at solar
values.
3.4.5 Reflection model
We use the RGS, MOS2 and pn data to fit a relativistically broadened reflection model
reflionx, available in xspec, which takes into account effects of Compton scattering
in the ionized reflecting material. Relativistic broadening is modeled using kdblur
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Figure 3.3: The best-fitting continuum model consisting of an absorbed reflection component
(dashed line), cut-off powerlaw and black body (dotted lines) overlaid on the RGS and pn
spectrum of the 4U 1543−624. The upper frame shows the spectrum and model components,
the lower frame shows residuals in the units of the standard deviation.
and for the Galactic absorption we choose again the tbnew model (Wilms et al.
2007). For the continuum model we choose the cut-off powerlaw and the black
body (TBnew*(kdblur*reflionx+bbody+cutoffpl), see Fig. 3.3). The only adjustable
abundance in the reflionx model is the abundance of iron. Therefore, in order to
mimic the enhancement of oxygen we reduce the abundance of iron by a factor of two.
During the fit abundances of interstellar oxygen, neon, iron and NH are kept free.
We obtain a fit with χ2ν = 1.44 for 2913 d.o.f. (see Table 3.4). The inclination is ∼ 54◦
and the ionization parameter is ∼ 250, which indicates that the line is broadened by
Compton scattering as well.
3.5 Discussion
We report the discovery of a broad emission feature near 0.7 keV in the high-resolution
RGS, broad band MOS2 and HETGS data of 4U 1543−624. A similar feature was
found recently in the oxygen enriched UCXB 4U 0614+091 (Madej et al. 2010, Schulz
et al. 2010). A reasonable interpretation of this feature is that of a relativistically
broadened O VIII Lyα line, which would be the most prominent line in the reflection
spectrum in the case of an oxygen-rich accretion disc. Fitting a Laor profile to XMM
data gives a high inclination, inconsistent with the lack of eclipses and dips in the light
curve of the source. The line is most probably also affected by Compton scattering
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in the ionized material of the disc. Fitting a relativistically broadened reflection
model we obtain a more reasonable value of the inclination of ∼ 54◦ and significant
Compton broadening.
We have checked the spectra for the presence of an emission feature at ∼ 6.6 keV and
we have found a Gaussian shaped feature, when the continuum is described by the
model that includes a disk black body and two black body emitters or black body
and cut-off powerlaw. The centroid of the feature is at ∼ 6.6 keV with σ ≈ 0.5 keV,
which is consistent with the values obtained by Ng et al. (2010). The energy centroid
indicates emission from iron ions up to Fe XXV. However, the value of the energy
found from fitting a Laor profile is ∼ 6.4 keV, which suggests emission from iron ions
from Fe I to Fe XIX. We do not detect significant emission at the position of the Fe Kα
line when disk black body plus broken powerlaw fit function is used. The energy of
the powerlaw break however falls in the range of the iron K line emission, potentially
masking its presence. We do not detect any significant emission feature at ∼ 6.6 keV
in HETGS data. The same conclusion was reached by Juett & Chakrabarty (2003).
Concerning the ISM/CSM absorption in the line of sight, we find an overabundance
of neon in the absorber with respect to Lodders (2003) in RGS and HETGS data, which
corroborates the previous measurements (Juett et al. 2001, Juett & Chakrabarty 2003).
A residual around the oxygen edge suggests that oxygen may be also in molecular
form, for which the fine structure of the absorption edge can be significantly different
compared to the atomic oxygen (Pinto et al. 2010). The residual near the neon edge
may indicate the presence of warm ionized gas in the line of sight (similarly to the
case of Cyg X-1, Juett et al. 2006).
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4.1 Abstract
We present spectroscopic X-ray data of two candidate ultra-compact X-ray binaries:
4U 0614+091 and 4U 1543−624. We confirm the presence of a broad O VIII Lyα
reflection line (at ≈ 18 Å) using XMM-Newton and Chandra observations obtained
in 2012 and 2013. The donor star in these sources is carbon-oxygen or oxygen-
neon-magnesium white dwarf. Hence, the accretion disc is enriched with oxygen
which makes the O VIII Lyα line particularly strong. We also confirm the presence
of a strong absorption edge at ≈ 14 Å so far interpreted in the literature as due to
absorption by neutral neon in the circumstellar and interstellar medium. However,
the abundance required to obtain a good fit to this edge is ≈ 3− 4 times solar, posing
a problem for this interpretation. Furthermore, modeling the X-ray reflection off a
carbon and oxygen enriched, hydrogen and helium poor disc with models assuming
solar composition likely biases several of the best-fit parameters. In order to describe
the X-ray reflection spectra self-consistently we modify the currently available xillver
reflection model. We present initial grids that can be used to model X-ray reflection
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spectra in UCXBs with carbon-oxygen-rich (and hydrogen and helium poor) accretion
disc. We find that the new reflection model provides a better overall description of
the reflection spectra of 4U 0614+091 and 4U 1543−624 than the reflection models
that assume solar abundances. Apart from a strong O VIII Lyα line the new reflection
model also shows a strong O VIII K-edge (at 14.23 Å). We find that the absorption
edge at ≈ 14 Å present in the data can be described by a O VIII K-edge formed
due to reflection in the accretion disc and a Ne I K-edge originating mostly (if not
entirely) in the interstellar medium, mitigating the problem of the apparent very high
neon abundance. Additionally, based on the spectral properties of 4U 1543−624 we
consider a scenario in which this source is accreting near the Eddington limit.
4.2 Introduction
X-ray reflection is a common phenomenon in accreting X-ray sources. X-rays origi-
nating from the neutron star (NS), in flares above an accretion disc or at the bottom
of a jet irradiate the disc. Some of this X-ray radiation is then reflected off the disc
leading to an X-ray continuum spectrum and emission lines formed in the fluorescent
and recombination process. The shape of the reflected continuum spectrum is de-
termined by photoelectric absorption which is dominant at lower energies, electron
scattering which is dominant at higher energies, and the continuum emission from
the reflecting material itself. If the reflection spectrum originates close to the compact
object relativistic effects such as gravitational redshift and the relativistic Doppler ef-
fect broaden the reflection signatures in a characteristic way (Fabian et al. 1989). By
modeling the relativistically broadened reflection spectra one can in principle infer
the inner radius of the accretion disc. The signatures of X-ray reflection such as the
relativistically broadened Fe K-shell emission line have been observed in the X-ray
spectra of a number of accreting compact objects e.g. Active Galactic Nuclei (e.g.
Tanaka et al. 1995) and X-ray binaries (Miller 2007, Cackett et al. 2009).
The most frequently used reflection models: reflionx (Ross & Fabian 2005) and xil-
lver (Garcı´a et al. 2013) are best suited for spectra of AGN or X-ray binaries in the
low (luminosity), hard (spectrum) state. These models assume a power-law inci-
dent spectrum and solar abundances in the accretion disc (with the sole exception
of the Fe abundance which can vary). X-ray reflection in X-ray binaries in the high
(luminosity), soft (spectrum) state was considered by Ross & Fabian (2007). In this
model the disc is no longer assumed to be cold like it is assumed in e.g. reflionx but
its emission is described by a black body with a variable temperature. A chemical
composition of the accretion disc that differs from solar has not yet been considered
when calculating the reflection spectra (with the said exception of Fe). Given that
there is a growing number of sources showing X-ray reflection signatures from a disc
with non-solar composition, there is need for reflection models which would be able
to describe these reflection features self-consistently.
In this study we consider two sources: 4U 0614+091 and 4U 1543−624 that likely be-
long to the subclass of low-mass X-ray binaries (LMXBs) called ultra-compact X-ray
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Table 4.1: The range of xillverCO parameters calculated in the grid 1 and grid 2 tailored to
model the spectra of 4U 0614+091 and 4U 1543−624, respectively. The parameters of this model
include the power-law index Γ, the power-law cutoff energy Ecut, the temperature of the black
body representing the disc emission kTrefbb , the fraction of the flux of the power-law divided by
the flux of the black body Frac = Fluxpl(100 − 106 eV)/Fluxbb(0.1 − 106 eV), the abundance of C
and O: AC&O and the abundance with respect to solar of all the elements except He, C and O:
Aall.
Parameter Grid 1: 4U 0614+091 Grid 2: 4U 1543-624
Γ 1.5, 2, 2.5 1.0, 1.5, 2.0, 2.5, 3.0
Ecut [keV] 300 2, 4, 7, 10
kTrefbb [keV] 0.1, 0.2 0.1, 0.2, 0.4, 0.6, 1.0
Frac 0.1, 0.5, 1.0, 5.0 0.01, 0.05, 0.1, 0.5, 1.0, 5.0, 10.0
AC&O 10, 50, 100, 500 100
Aall 10 10
binaries (UCXBs). UCXBs consist of a white dwarf donor star that transfers mass to
a NS or a black hole (BH) accretor. They have an orbital period of / 80 min. The
accretor in the case of 4U 0614+091 is a NS given the presence of type I X-ray bursts
(Swank et al. 1978, Brandt et al. 1992). In the case of 4U 1543−624 the nature of the
accretor is uncertain (it could either be a NS or a BH). For the two sources studied
in this paper tentative periods have been suggested: Porb ≈ 50 min for 4U 0614+091
(Shahbaz et al. 2008) and Porb ≈ 18 min for 4U 1543−624 (Wang & Chakrabarty
2004). The optical spectra of both of these sources show emission lines of carbon and
oxygen indicating that the donor star is either a carbon-oxygen (CO) or an oxygen-
neon-magnesium (ONeMg) white dwarf (Nelemans et al. 2004). Furthermore, Madej
et al. (2010) and Madej & Jonker (2011) have discovered a relativistically broadened
O VIII Lyα reflection line in the X-ray spectra of these two sources.
The aim of this study is to investigate the potential changes in the properties of the
reflected emission when considering CO-rich discs instead of disc material consisting
of elements with solar abundances. The first sample of reflection models assuming
CO-rich reflecting material are compared to archival as well as new observations
of 4U 0614+091 and 4U 1543−624 obtained using the XMM-Newton and Chandra
satellites.
4.3 X-ray reflection models: adaptation to the spectra of
UCXBs
In order to adapt the reflection models to the case of X-ray reflection in UCXB with CO-
rich disc we start from the xillver code. This is a slightly modified version of xillver
published by Garcı´a et al. (2013) designed to analyze the spectra of X-ray binaries in
low/hard and high/soft states. The disc emission in this model is represented by a
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Figure 4.1: Two xillverCO test models (grid 1, see Table 4.1) with kTrefbb =0.1 keV (black curves)
and kTrefbb =0.2 keV (red curves) and the Frac = Fluxpl/Fluxbb = 1. The extremely narrow
emission lines could be smeared out depending on the instrument resolution. Top, left panel:
X-ray spectra, note the strong O VIII Lyα emission line at ≈ 0.7 keV in the case of a kTrefbb = 0.1
keV. Top, right panel: temperature of the reflecting material as a function of the Thomson optical
depth. Bottom, left panel: the incident power-law and black body spectra. In order to keep the
Frac parameter the same also the luminosity of the incident power-law has increased for the
case where kTrefbb = 0.2 keV. Bottom, right panel: O ion fractions as a function of the Thomson
optical depth. The O VIII ion fraction is plotted as a solid line and O IX ion fraction is plotted
as a dashed line.
single-temperature black body which is added to the resulting reflection spectrum.
The parameters of this model include the flux of the power-law divided by the flux of
the black body Frac = Fluxpl(100 − 106 eV)/Fluxbb(0.1 − 106 eV) and the temperature
of the black body representing the disc emission kTrefbb . The other parameters include
the power-law index Γ, the power-law cutoff energy Ecut, the abundance of C and O
AC&O and the abundance with respect to solar of all the elements Aall except He, C
and O. Additionally, the incident power-law spectrum has a cutoff at the peak energy
of the black body spectrum.
The optical spectra of 4U 0614+091 and 4U 1543−624 indicate an overabundance
of C and O in the disc (Nelemans et al. 2004). Therefore, the first modification we
introduce is that we allow the abundance of C and O to vary in the new reflection
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models. In order to reduce the number of model calculations the abundance of C and
O are assumed to be equal. The optical spectra of the analyzed sources also indicate
a lack of hydrogen and helium (Nelemans et al. 2004). Therefore, in order to mimic
this physical characteristic we increase the abundances of all the elements except He,
C and O by a factor of ten with respect to the solar photospheric value of Lodders
(2003). The hydrogen number density of the slab where the reflection occurs in the
modified reflection models is nH = 1017 cm−3. Given that the continuum spectrum
in 4U 1543−624 shows a rollover at the energy of a few keV (Schultz 2003, Madej &
Jonker 2011), we also consider a cutoff power-law incident spectrum in the reflection
models where the cutoff energy is in the range 2− 10 keV. We further refer to the new
xillver model as xillverCO.
It is not our goal to present detailed modeling of the X-ray reflection signatures in the
spectra of the studied UCXBs using this new model. Such a detailed study would
require exploring a larger parameter space and would be too time consuming at
this point in time as those models do not exist yet. Instead, we calculate preliminary
xillverCO grids that would provide some idea on the shape of the reflection spectrum
in the regime of high abundances of elements heavier than He, in particular high
abundance of C and O. Table 4.1 shows two xillverCO grids and the ranges of
parameters we have calculated in order to describe the spectra of 4U 0614+091 and
4U 1543−624. The parameter values for grid 1 and grid 2 have been chosen based
on the spectral properties of 4U 0614+091 observed in 2001 (Madej et al. 2010) and
4U 1543−624 observed in 2001 (Madej & Jonker 2011), respectively.
4.3.1 xillverCO
Two ionization regimes: low-ionization case and high-ionization case
As an illustration of shape of the CO-rich reflection spectrum in the low-ionization
and high-ionization regime we have plotted grid 1 for two different temperatures
of the slab and two different illuminating power-law fluxes. In the first case the
temperature of the black body representing the disc emission is kTrefbb = 0.1 keV and
in the second case kTrefbb = 0.2 keV (see Fig. 4.1). The other input parameters are
set at: Γ = 2, Ecut = 300 keV, Frac = Fluxpl/Fluxbb = 1.0, AC&O = 100, Aall = 10.
Apart from the X-ray reflection spectra we also plot the temperature profiles and O
ion fractions across the slab of the reflecting material. The position in the slab of
reflecting material is defined in terms of the Thomson optical depth τ (dτ ≡ −σTnedz,
where σT is the Thomson cross section and ne is the electron number density). Case
1; the emerging spectrum is a combination of strong emission lines and a continuum
that is significantly modified with respect to the incident power-law. The O VIII ions
are dominant in τ ≈ 2 − 5 and O becomes completely ionized in the outer layers for
τ < 2. Case 2; the entire slab of reflecting material is hotter (material much more
ionized) than in Case 1 resulting in weaker emission lines and a continuum which
starts resembling the incident power-law spectrum. Most of the O atoms appear to
be completely ionized in the entire slab of the reflecting material, hence the emission
44 Chapter 4
Figure 4.2: The xillverCO model (grid 1, see Table 4.1) for AC&O = 10 (black), 100 (red), 500 (blue)
for the same incident luminosity. In order to improve the clarity of the plot the normalization
of the model with AC&O = 10 (black) was multiplied by a factor of 100 and the model with
AC&O = 500 (blue) was divided by a factor of 100.
lines of O are not visible in the reflection spectrum.
Abundance of C and O
We illustrate the influence of the overabundance of C and O with respect to the solar
value on the shape of the X-ray reflection spectrum in the xillverCO model. Fig. 4.2
shows the grid 1 for the abundance of C and O AC&O = 10, 100, 500 with respect to
the solar abundance. The remaining parameters of the model are: Γ = 2, Ecut = 300
keV, Frac = Fluxpl/Fluxbb = 1.0, kTrefbb = 0.1 keV. Note that as the AC&O increases the
upper layers of the disc get hotter because of the increased opacity (bound-bound and
bound-free). However, due to the increased continuum absorption, the transition to
a colder regime occurs at a lower Thomson depth. The net effect in the spectrum
with increased AC&O is a lower continuum, deeper edges and more intense emission
features.
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4.4 Observations and data reduction
4.4.1 4U 0614+091
4U 0614+091 was observed by the XMM-Newton satellite on 09/03/2013 and 09/09/2013
for≈ 13 ks and≈ 17 ks, respectively. During both observations the Reflection Grating
Spectrometer (RGS) and the European Photon Imaging Cameras (EPIC): pn and the
Metal Oxide Semi-conductor 2 (MOS2) were used. The EPIC-MOS1 camera was
switched off. RGS was operated in the Spectroscopy mode with High Event Rate
(HER) and Single Event Selection configuration (SES; only isolated pixels, without
energy contained in the neighboring pixels, are selected for transmission) in order to
reduce the instrument telemetry. The EPIC-pn and MOS2 cameras were operated in
Timing mode.
Additionally, we use the XMM-Newton data of 4U 0614+091 obtained in 13/03/2001,
previously analyzed by Madej et al. (2010), for comparison purposes. In this paper
we call the observation obtained in 13/03/2001, 09/03/2013 and 09/09/2013 observation
1, 2 and 3, respectively.
We extract the XMM-Newton spectra using SAS version 13.0. The EPIC event files
are extracted using the epproc command. We extract the EPIC-pn light curves in
the 0.5 − 10 keV range using evselect. The light curves reveal no signs of X-ray
flares or a type I X-ray burst during these observations. The source and background
spectra of EPIC-pn are also extracted using the evselect command, requiring the
pixel pattern to be ≤ 4 in the rawx range 30 − 47 and 3 − 13, respectively. In these
observations the EPIC-pn spectra have the best signal-to-noise ratio compared to the
EPIC-MOS spectra. Additionally, we note that there are differences in calibration of
the EPIC-MOS instruments operated in the imaging and timing mode (the EPIC-MOS
in timing mode is not as well calibrated as imaging mode). Hence, for comparison
purposes, we decide to use EPIC-pn instrument which was operated in the same
mode (timing mode) in all of the analyzed observations. The EPIC-pn spectra are
binned using the specgroup command in order to have at least 25 counts for each
background-subtracted spectral channel and not to oversample the intrinsic energy
resolution by a factor larger than 3. We note narrow instrumental features around/ 2
keV in the EPIC-pn spectrum occurring due to a calibration inaccuracy in the energy
scale when the EPIC-pn is operated in Timing mode. Hence, during the analysis we
exclude the energy range < 2.5 keV. The RGS event files, source spectra, background
spectra and instrument response matrices are extracted using the rgsproc command.
The RGS spectra are binned with a factor of 2 which gives a bin size roughly 1/3
of the full width half maximum (FWHM) of the spectral resolution of the first order
RGS spectrum.
4.4.2 4U 1543−624
4U 1543−624 was observed by the Chandra satellite on: 05/06/2012 for ≈ 75 ks,
07/06/2012 for ≈ 93 ks. During the observation the Low Energy Transmission Grating
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Figure 4.3: XMM-Newton RGS and EPIC-pn spectra of 4U 0614+091. The observations 1, 2
and 3 are plotted in black, red and blue color from bottom to top, respectively. Note the shape
of the continuum spectrum changing as the X-ray flux increases from observation 1 to 2 and 3.
The extremely narrow absorption/emission features are caused by the RGS bad columns. The
RGS data are binned by a factor of 8 for the plot.
Spectrometer (LETGS) was used to disperse the source light and the High Resolution
Camera (HRC) was used to detect the dispersed light. We obtain the source spectra
and response matrices from the Transmission Grating Catalog and Archive (tgcat,
http://tgcat.mit.edu/). The LETGS spectra are binned with a factor of 2 (the resulting
bin size corresponds to ≈ 1/2 FWHM of the spectral resolution of LETGS). We use all
the positive and negative spectral orders in the analysis.
We fit the XMM-Newton: RGS and EPIC-pn data of 4U 0614+091 using the xspec
package (Arnaud 1996) and the Chandra: LETGS data of 4U 1543−624 using the
isis package (http://space.mit.edu/cxc/isis). Errors on the fit parameters reported
throughout this paper correspond to ∆χ2 = 1 (corresponding to 1σ-single parameter).
4.5 Spectral results
4.5.1 4U 0614+091
Observation 1
In order to describe the continuum spectrum of 4U 0614+091 in observation 1 we use
an absorbed power-law model. The absorption by the neutral interstellar medium
(ISM) and circumstellar medium (CSM) is modeled using tbnew model (Wilms et
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Table 4.2: The best-fit parameters obtained after fitting an absorbed power-law together with
the relativistically broadened xillver or xillverCO model to the observation 1 of 4U 0614+091;
an absorbed power-law, back body (with kTbb ≈ 1.3 − 1.5 keV) and disc black body together
with the relativistically broadened xillver or xillverCO model to observation 2 and 3 of
4U 0614+091. The kpl, kdbb, kbb, kref represent the normalizations of the power-law, disc back
body, black body and reflection model, respectively. The normalization of the power-law
component is given at 1 keV. The L39 is the source luminosity in units of 1039 erg s−1 , D10 is the
distance to the source in units of 10 kpc and θ is the angle of the disc (θ = 0 is face-on).
Parameter Obs. 1 Obs. 2 Obs. 3
continuum
NH [1022cm−2] 0.396 ± 0.003 0.407 ± 0.005 0.401 ± 0.007
ANeI 3.9 ± 0.1 3.3 ± 0.1 3.3 ± 0.1
AFeI 0.64 ± 0.07 0.37 ± 0.07 0.50 ± 0.06
Γ 2.311 ± 0.006 2.12 ± 0.02 2.06 ± 0.05
kpl [phot cm−2 s−1 keV−1] 0.281 ± 0.002 0.15∗ 0.19 ± 0.03
kTdbb [keV] − 0.53 ± 0.01 0.61 ± 0.02
kdbb [(Rin/D10)2 cosθ] − 610 ± 60 500 ± 60
kTbb [keV] − 1.24 ± 0.02 1.34 ± 0.04
kbb ×10−2[L39/D210] − 0.70 ± 0.02 1.05 ± 0.03
rdblur*xillver
qrdblur −2.46 ± 0.08 −2.45 ± 0.05 −2.41 ± 0.04
Rin [GM/c2] < 6.8 16 ± 4 < 7.1
i [deg] 54.2+1.4−0.6 > 69 57.8
+1.0
−0.5
ξ [erg cm s−1] 200 ± 30 370+100−60 240 ± 30
AFe 0.9 ± 0.1 < 0.56 < 0.51
krefl ×10−5 1.2 ± 0.2 1.4 ± 0.3 2.6 ± 0.4
χ2/ d.o.f. 2756/1711 2230/1713 2597/1713
continuum
NH 0.398 ± 0.007 0.424 ± 0.008 0.412 ± 0.007
ANeI 2.7 ± 0.2 2.3 ± 0.1 2.5 ± 0.1
AFeI 0.50 ± 0.07 0.22 ± 0.06 0.40 ± 0.05
Γ 2.258 ± 0.008 2.34 ± 0.05 2.28 ± 0.06
kpl 0.25 ± 0.02 0.23 ± 0.03 0.21 ± 0.02
kTdbb − 0.61 ± 0.02 0.64 ± 0.01
kdbb − 310+70−40 410 ± 30
kTbb − 1.45 ± 0.02 1.52 ± 0.01
kbb ×10−2 − 0.73 ± 0.03 1.19 ± 0.04
rdblur*xillverCO
qrdblur −2.28 ± 0.05 −2.18 ± 0.09 −2.29 ± 0.04
Rin < 7 < 9.5 < 6.5
i 56 ± 1 48.3 ± 0.6 58.1+1.1−0.4
kTrefbb [keV] < 0.105 > 0.17 0.16 ± 0.03
Frac 0.5+0.4−0.1 0.13
+0.04
−0.02 < 0.2
AC&O 140+50−20 160 ± 20 > 340
krefl ×10−10 8 ± 2 5.0+4.5−0.8 4+9−0.1
χ2/ d.o.f. 2330/1710 2008/1712 2199/1712
∗ parameter fixed during fitting.
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Figure 4.4: The residuals obtained by fitting the continuum model and the relativistically
broadened xillver or xillverCO model to the three XMM-Newton RGS and EPIC-pn spectra of
4U 0614+091. The model which was used to describe the data is indicated in each panel. The
observations 1, 2 and 3 are plotted in black, red and blue color, respectively. The RGS data
were binned by a factor of 6 for display purpose only. The panels on the left-hand side show
the residuals plotted in energy scale whereas the panels on the right-hand side show only
RGS data around the reflection feature at ≈ 0.7 keV plotted in wavelength scale. Note that
the narrow residuals around the position of the Fe I L-edge and the O I K-edge are probably
caused by a molecular gas in the interstellar medium which changes the fine structure of the
absorption edge with respect to that in atomic gas. The narrow residuals around the Ne I
K-edge are probably due to ionized Ne indicating the presence of warm ISM/CSM gas in the
line of sight (Pinto et al. 2010). The panel 1a shows the residuals obtained when the value of
the outer radius in the rdblur model is increased to 105 GM/c2.
Chapter 4 49
al. in prep) with the Lodders (2003) (photospheric) set of abundances. A constant
model is also added to the fit-model in order to account for possible uncertainties in
the cross-calibration of the RGS and EPIC-pn instruments. The absorbed X-ray flux
is 8.8 ± 0.1 × 10−10 erg cm−2 s−1 in the 0.5 − 10 keV energy range. The unfolded RGS
and EPIC-pn spectrum of the observation 1 is shown in Fig. 4.3.
We fit the RGS data in the energy range 0.45−1.8 keV (7−28 Å) and the EPIC-pn data
in the energy range 2.5 − 10 keV using an absorbed power-law model, excluding the
energy range 0.6 − 0.8 keV (16 − 21 Å) and 5 − 8 keV. Fig. 4.4, top panel part 1 shows
the broad emission features present around 0.6 − 0.8 keV (O VIII Lyα line) and 6 − 7
keV (Fe K-shell lines) after subtracting the best-fit continuum model.
We note that the value of the X-ray flux and the fact that the continuum spectrum is
dominated by a power-law indicate that during observation 1 the source was in the
low/hard (island) state.
Fit using the xillver model We use the xillver model in order to describe the
X-ray reflection signatures present around 0.6 − 0.8 keV (16 − 21 Å) and 6 − 7 keV
in observation 1 (see residuals in Fig. 4.4). Additionally, we use a convolution
model rdblur which is commonly used to describe the relativistic effects close to
a non-rotating compact object (BH/NS). The outer radius in the rdblur model is
fixed to 1000 GM/c2. The best-fit parameters are shown in Table 4.2. The best-fit
ionization parameter is ξ ≈ 200 erg cm s−1, consistent with the value found by Madej
et al. (2010). The best-fit parameters of the relativistic broadening Rin ≈ 6.0 GM/c2,
inclination i ≈ 54◦ and qrdblur ≈ −2.5 are also similar to the values found by Madej
et al. (2010). We note, however, that the value of χ2ν ≈ 1.61 for 1711 d.o.f. for the
fit using the relativistically broadened xillver model on the RGS and EPIC-pn data
is higher than the χ2ν value we obtain in the fit using a relativistically broadened
reflionx model on the RGS and EPIC-MOS2 data. This discrepancy could be caused
by the differences between the two reflection models and the better quality of the
EPIC-pn (including the improved calibration of the instrument) with respect to the
EPIC-MOS2 data analyzed in Madej et al. (2010). We note that there are clear residuals
still remaining around the position of the O VIII Lyα emission line. These residuals,
although less prominent, were also seen in the fit using the reflionx model (Madej
et al. 2010). Additionally, residuals are also present around 1 − 3 keV (see Fig. 4.4).
These residuals may well be due to the presence of broadened emission lines from
reflection of elements like e.g. Ne, Si, S.
Fit using the xillverCO model We replace the xillvermodel with the new xillverCO
model and fit the RGS and EPIC-pn data. The fit improves with respect to the fit
obtained using the xillver model (see Table 4.2). The best-fit parameters of the
relativistic broadening are similar to those found using the xillver model. The
ionization parameter in this case can be estimated using the formula ξ = 4piFpl/ne ≈
6 × 103 erg cm s−1 (where ne = 1.2nH) and appears to be much higher than the
value obtained using the xillver model. It needs to be stressed, however, that the
50 Chapter 4
Figure 4.5: Left panel: Best-fit xillver and xillverCO models (grid 1) used to describe the RGS
and EPIC-pn data of 4U 0614+091 - observation 1. The normalization of the best-fit xillver
model was divided by a factor of 50 for the plot. Note the strong emission lines of e.g. S,
Si, Ne present in the xillver model which are much weaker in the xillverCO model. Effects
of relativistic broadening are not included in this plot. Right panel: Best-fit xillverCO (grid 2)
used to describe the LETGS data of 4U 1543−624 (Model 1). Note the spectrum rollover at
energies E ' 5 keV.
properties of the reflecting material itself have been changed in the xillverCO with
respect to the xillver model by increasing the abundances of most of the elements
and including the black body emission from the reflecting material. The best-fit
abundance of C and O is AC&O ≈ 150 with respect to the solar abundances indicating
that a overabundance of O is indeed required in order to describe the O VIII Lyα line
at ≈ 19 Å. The abundance of Ne in the neutral absorption model decreases in the fit
using xillverCO in comparison with the fit using the xillver model (see Table 4.2).
We note that a residual is still present around 19 Å (peak of the O VIII Lyα line) in
the fit using xillverCO model (see Fig. 4.4). This residual can be further reduced by
increasing the value of Rout in the rdblur model. Given that Rout parameter is not
well constrained we fix the value to Rout = 105 GM/c2 (approximate position of the
outer disc edge in 4U 0614+091). The fit improves from χ2 = 2330 for 1710 d.o.f. to
χ2 = 2276 for 1710 d.o.f. (see Fig 4.4, panel 1a).
The best-fit xillver and xillverCO models are shown in Fig. 4.5. The strong emission
lines of e.g. Ne, Si, S around 1− 3 keV present in the best-fit xillver model are much
weaker in the xillverCO model. The residuals around 1−3 keV obtained when fitting
xillver model to the 4U 0614+091 are due to the presence of the strong emission lines
in this reflection model which are not detected in the data.
Observation 2 and 3
We find that the continuum model for the X-ray spectrum of 4U 0614+091 which
includes a disc black body, a power-law and a black body (Piraino et al. 1999, Migliari
et al. 2010) provides the best continuum description for observation 2 and 3. The disc
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black body represents the disc emission and the black body represents the emission
from the boundary layer where the accretion flow meets the NS. The absorbed X-
ray flux in observation 2 and 3 has increased with respect to that of observation 1
to 1.8 ± 0.1 × 10−9 erg cm−2 s−1 and 2.47 ± 0.04 × 10−9 erg cm−2 s−1 (0.5 − 10 keV),
respectively. The unfolded RGS and EPIC-pn spectra of observation 2 and 3 are
shown in Fig. 4.3. The value of the X-ray flux in observation 2 and 3 together with
the properties of the spectrum: the presence of a significant disc and boundary layer
emission component, indicate that during observation 2 and 3 the source was close
to or already in the high/soft (banana) state.
We fit the RGS data in the energy range 0.45 − 1.8 keV and the EPIC-pn data in the
energy range 2.5 − 10 keV using the continuum model excluding the energy range
0.6 − 0.8 keV (16 − 21 Å) and 5 − 8 keV (see Fig. 4.4). We confirm the presence of the
broad O VIII Lyα line in observation 2 and 3 detected before in observation 1 (Madej
et al. 2010). Additionally, the residual around 6− 7 keV in observation 2 and 3 could
also indicate the presence of broad Fe K-shell lines.
Fit using the xillver model We use the rdblur*xillver model in order to describe
the relativistically broadened X-ray reflection signatures present in observation 2
and 3. Similar to observation 1 the residuals are present around 1 − 2 keV which
could be caused by the presence of reflection lines in the xillver model that are not
present in the data. While fitting the observation 2 we have noticed a tendency for
the flux of the reflection spectrum to become significantly higher than the flux of the
power-law. We have obtained the best-fit χ2 = 2020 for 1712 d.o.f. with a negligible
value of the power-law normalization and the best-fit ξ ≈ 1000 erg cm s−1, indicating
a significantly higher ionization of the disc than measured in observation 1 and 3.
It is possible to obscure part of the incident power-law making the reflected com-
ponent more prominent. However, we find it unlikely that the incident power-law
spectrum would be obscured almost completely. Therefore, during the fit we fix
the power-law normalization in order to keep the power-law to reflection flux ratio
Fluxpl/Fluxrefl & 1.
The fit also shows a prominent residual around 6−8 keV in observation 3 (see Fig. 4.4).
It is possible that the X-rays emitted by the boundary layer get reflected off the accre-
tion disc as well and contribute to the emission line around 0.6−0.8 keV and 6−7 keV.
Reflection from the boundary layer ? We investigate whether the addition of the
reflection component from the boundary layer could improve the fit in observation
3. For this purpose we use the bbreflvaryFe model (Ballantyne 2004) which gives
the reflection spectrum assuming the black body incident spectrum. The abundance
of C and O in this model is assumed to be solar but the Fe abundance is variable.
We find that the addition of the bbreflvaryFe model improves the fit (∆χ2 = 341
for 3 additional parameters) in observation 3 and the residual around 6 − 7 keV is
significantly reduced. However, the reflection component from the boundary layer
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appears to have higher flux by a factor of ≈ 8 (measured over the 0.5 − 10 keV
energy range) than the incident black body spectrum. Furthermore, the contribution
from the reflection component assuming the power-law incident spectrum decreases
making the reflection component assuming the black body incident spectrum a major
contribution to the description of the reflection features around 0.6−0.7 keV and 6−7
keV. Similarly to the case of the fit in observation 2 it is possible though contrived to
obscure part of the emission from the boundary layer making the reflected component
more prominent than the incident black body spectrum. Therefore, we conclude that
although the addition of the reflection component from the boundary layer improves
the fit, it appears unlikely that such a large fraction of the incident spectrum is
obscured from view.
Fit using the xillverCO model We replace the xillver and bbreflvaryFe model with
the new xillverCO model. The fits to observation 2 and 3 improve with respect to the
fits obtained using the xillver model (see Table 4.2). The measured abundance of C
and O is around a few hundred times the solar value. The temperature of the black
body component in the reflection model has increased for observation 2 and 3 with
respect to the value obtained for observation 1. This tendency for the temperature of
the disc to increase is expected when the source is moving from the low/hard (island)
to the high/soft (banana) state. We stress, however, that the black body temperature
in the reflection model is inconsistent with the disc temperature in the disc black
body model. It is possible that the region of the accretion disc where the reflection
occurs has a different temperature than the one estimated by the disc black body
model. On the other hand we note that the calculated grids have a limited number of
points and assume a fixed single-temperature black body model in order to describe
the disc emission. Furthermore, we note that lack of a xillverCO grid which assumes
a black body incident spectrum prevents us from testing for the presence of reflection
component from the boundary layer assuming O-rich reflection material.
4.5.2 4U 1543−624
Madej & Jonker (2011) have found that the continuum spectrum in the XMM-Newton
data of 4U 1543−624 can be described by the combination of a disc black body with
kTdbb ≈ 0.4 keV and power-law with a break around 6 keV. Schultz (2003) has also
shown that the BeppoSAX and ASCA spectra of 4U 1543−624 can be described using
a Comptonization model with a high optical depth and a black body (representing
boundary layer emission) with kTbb ≈ 1.5 keV. These characteristics of the spectrum
of 4U 1543−624 appear unusual for typical LMXBs, however, similar to the char-
acteristics of spectra of ultra-luminous X-ray sources (ULXs) when observed in the
ultraluminous state (Gladstone et al. 2009). The disc black body spectrum with a
temperature of kT ≈ 0.2 − 0.5 keV in the spectrum of a ULX in the ultraluminous
state is interpreted as a cool disc and the cutoff power-law (or Comptonization model
with a high optical depth) is interpreted as an optically thick corona. Therefore, we
adopt two continuum models: tbnew*(cutoffpl+diskbb) which we call Model 1 and
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tbnew*(cutoffpl+diskbb+bbody) which we call Model 2 (a constant function is also
included in the fit-model).
First, we fit the data in the wavelength range 1.6 − 50 Å (0.25 − 8 keV) using Model
1 excluding the wavelength range 16 − 21 Å (see Fig. 4.6, panel a1). The emission
feature around 18 Å resembles the feature found by Madej & Jonker (2011) in the
XMM-Newton data of 4U 1543−624 and interpreted as a relativistically broadened
O VIII Lyα reflection line. Additionally, looking at the spectrum between 30 − 40
Å we find no clear evidence of the presence of a C VI Lyα line (at ≈ 33.7 Å, see
Fig. 4.6, panel b). We note that the narrow features near 8 Å and 10 − 13 Å (Fig. 4.6,
panel a1) are caused by uncertainties in the instrumental calibration near Al, Cs and
I absorption edges.
Given that there are no xillver models with an incident power-law that has a cutoff
at the energy between 2 − 10 keV as yet, we cannot compare our results to such a
model. Instead we include our custom made reflection component xillverCO (grid
2, see Table 4.1) in the fit model. Additionally, we use the convolution model kdblur
which is commonly used to describe the relativistic effects close to a rotating BH for
Model 1 given that Model 1 is constructed based on the spectral characteristics of a
typical ULX with a BH compact object. We choose the rdblur model in Model 2 since
Model 2 is constructed based on the spectral characteristics of a typical UCXB with a
NS compact object. The best-fit parameters are given in Table 4.3.
4.5.3 Ne I K-edge or O VIII K-edge ?
We find that the fit using the relativistically broadened xillver to the data of 4U
0614+091 and 4U 1543−624 requires an overabundance of neutral Ne in order to
describe a strong absorption edge around 14 Å present in the data. The Ne I K-edge
originating partly in the ISM and partly in CSM has already been suggested by Juett
et al. (2001) in the data of both sources and confirmed by e.g. Madej et al. (2010),
Madej & Jonker (2011) and Schulz et al. (2010). However, we have found (see Section
4.5.1 and 4.5.2) that the fit to the data of 4U 0614+091 and 4U 1543−624 using the fit
model which includes the new xillverCO model is causing the abundance of Ne in
the tbnew model to decrease compared to the fit using only the continuum model.
The position of the Ne I K-edge (≈ 14.30 Å) is close to the position of the O VIII
K-edge (≈ 14.23 Å ≈ 0.87 keV) and looking at the best-fit xillverCO models obtained
when fitting the data of 4U 0614+091 and 4U 1543−624 the O VIII K-edge is evidently
present together with the O VIII Lyα emission line (see Fig. 4.5). It is important to
note, however, that the relativistic broadening included in the fit model can smear
the O VIII K-edge significantly as is the case in the fit to the RGS and EPIC-pn data
and hence fails to fully describe the sharp edge around 14 Å present in the data.
We investigate whether the xillverCO reflection model would be able to provide
a self-consistent description of the O VIII Lyα line and the O VIII K-edge with-
out the need of an overabundance of neutral Ne in 4U 0614+091. We fit the
tbnew*(powerlaw+rdblur*xillverCO) model to the RGS data of observation 1 only
in the wavelength range 10−28 Å (0.45−1.2 keV). We find the best-fit with χ2 = 1651
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Figure 4.6: Panel a1, a2, a3: The residuals obtained by fitting the continuum model and the
relativistically broadened xillverCO to the LETGS spectrum of 4U 1543−624. The model which
was used to describe the data is indicated in each panel. Note that the range 16 − 21 Å was
excluded during the fit in Panel a1. The LETGS data are binned by a factor of 6 for plotting
purpose only. Only the positive orders are plotted. The red solid lines indicate regions with
calibration uncertainties near Al, Cs and I absorption edges. Panel b: The residuals obtained
by fitting the continuum model tbnew*(cutoffpl+diskbb). Note that there is no evidence of a
broad C VI Lyα emission line in the LETGS data of 4U 1543−624.
for 1289 d.o.f. and the parameters of the fit: ANeI = 1.6+0.1−0.2 (for NH ≈ 0.393 × 1022
cm−2), qrdblur = −2.18 ± 0.09, Rin < 7.2 GM/c2, i = 21◦ ± 2, AC&O > 480, kTre fbb > 0.19
keV, Frac = 0.503+0.08−0.009. The abundance of Ne decreases further with respect to the
fit obtained using RGS and EPIC-pn data, however, it is still not consistent with the
solar value. Furthermore, we note, that the abundance of Fe in this fit is reduced to
AFeI ≈ 0.18. It is possible that a significant part of neutral Fe in the line of sight is
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Table 4.3: The best-fit parameters obtained fitting the Model 1 and 2 to the LETGS observation
of 4U1543-624. Model 1 consists of absorbed disc black body and cutoff power-law together
with relativistically broadened xillverCO model. Model 2 consists of absorbed disc black body,
black body, cutoff power-law and relativistically broadened xillverCO model. The kpl, kdbb, kbb,
kref represent the normalizations of the power-law, disc back body, black body and reflection
model, respectively. The normalization of the cutoff power-law component is given at 1 keV.
Model 1 Model 2
Parameter continuum continuum
NH [1022cm−2] 0.238 ± +0.001 0.261 ± 0.004
ANeI 3.9 ± 0.1 3.58+0.09−0.19
AFeI 0.47 ± 0.06 0.48 ± 0.04
Γ < 1.01 < 1.01
Ecut [keV] 5.02 ± 0.08 7.29 ± 0.01
kcutoffpl [phot cm−2 s−1 keV−1] 0.132+0.003−0.007 0.057 ± 0.007
kTdbb [keV] 0.431 ± 0.006 0.42 ± 0.02
kdbb [(Rin/D10)2 cosθ] 230 ± 10 400 ± 20
kTbb [keV] − 1.10 ± 0.03
kbb ×10−2[L39/D210] − 0.343 ± 0.003
kdblur*xillverCO rdblur*xillverCO
qkdblur/rdblur 1 − 10 −2.44 ± 0.02
Rin [GM/c2] 100+78−8 < 7.4
i [deg] 71+11−5 65.4
+0.1
−0.6
kTrefbb [keV] 0.211 ± 0.001 0.210 ± 0.003
Frac 0.100 ± 0.002 0.011 ± 0.001
AC&O 100∗ 100∗
krefl ×10−10 0.65 ± 0.03 4.05 ± 0.02
χ2/ d.o.f. 5500/4523 5347/4521
∗ parameter fixed during fitting
bound in dust. However, looking at the residuals (see Fig. 4.7, top panel) the strength
of the Fe I L2 and L3 edges seem to be underestimated by the tbnew model which
could indicate that the strength of the O VIII Lyα emission line around the position
of the Fe I L2 and L3 edges is underestimated by the xillverCO model causing the
artificially low abundance of Fe in the tbnew model.
4.6 Discussion
We have taken the first steps to adapt the xillver (Garcı´a et al. 2013) model to the
case of reflection in UCXBs with CO-rich accretion discs. We have increased the
abundances of all the elements except He and allow the abundance of C and O to
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Figure 4.7: The RGS data from observation 1 with the best-fit model overplotted which
includes an absorbed power-law and relativistically broadened reflection component. The
model components are plotted as blue, solid line. Note that the edge at ≈ 14 Å visible in the
data is described partly by the Ne I K-edge in the neutral absorption model and partly by
the O VIII K-edge in the reflection model. The narrow vertical lines are caused by RGS bad
columns. The RGS data were binned by a factor of 6 for the plot. The fit model includes only
one reflection component. The best-fit inclination of the disc is i ≈ 20◦.
vary during the fit. Additionally, we have considered a cutoff power-law incident
spectrum with a cutoff energy in the range 2−10 keV. As expected, the new reflection
model (xillverCO) shows stronger C and O emission lines. On the other hand the
strength of the other emission lines e.g. Ne, Si, S, Fe is decreased. In contrast to the
xillver model which assumes the reflecting material to be cold, the reflecting mate-
rial in the new xillverCO model has a higher temperature which provides a better
physical description of the gas in the accretion disc in X-ray binaries.
We have tested the modified reflection model xillverCO using archival and new
XMM-Newton spectra of 4U 0614+091 and Chandra spectra of 4U 1543−624. In the
case of 4U 0614+091 we find that the new reflection model can describe the re-
flection signatures in the spectra and it indicates an overabundance of C and O of
AC&O ≈ 100− 500 with respect to the solar photospheric value of Lodders (2003). We
note, however, that the current xillverCO model is preliminary as it has a limited
number of grid points. We have found that some of the parameters of this model e.g.
kTrefbb , Frac, AC&O settle on the upper or lower limit values in the current grid which
suggests that more grid points will need to be calculated before robust conclusions
about the various parameter values can be drawn. Additionally, given that there are
no significant C emission lines visible in the RGS and LETGS spectra of the studied
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sources, it is difficult to establish whether the overabundance of C is also required in
order to describe the reflection spectra.
Considering the parameters of the relativistic broadening obtained when fitting the
xillverCO model to observations 1, 2 and 3 of 4U 0614+091, we find that the value
of the inner radius of the accretion disc is close to the innermost stable circular orbit
(ISCO) Rin ≈ 6 GM/c2 in both low/hard and high/soft states. This result contradicts
the standard accretion disc model (Esin et al. 1997) in which the accretion disc is
truncated further from the ISCO in the low/hard state. It needs to be mentioned,
however, that it is possible that the properties of the reflecting material assumed in
the xillverCO (e.g. the abundances of elements or ionization structure of the disc)
still deviate from the properties of the accretion disc in the UCXB 4U 0614+091 which
prevent us from obtaining a self-consistent description of the data. Additionally, as
mentioned above the caveat about the incomplete grid applies here as well.
4.6.1 Ne I K-edge/O VIII K-edge and O VIII Lyα line
We confirm the presence of a strong absorption edge at ≈ 14 Å in the XMM-Newton
spectra of 4U 0614+091 obtained in 2013 and LETGS spectra of 4U 1543−624 obtained
in 2012 found before by Juett et al. (2001), Madej et al. (2010), Madej & Jonker (2011),
Schulz et al. (2010). Our results suggest that the absorption edge at ≈ 14 Å can be
partly described by the Ne I K-edge present in the neutral absorption model and
partly by the O VIII K-edge present in the xillverCO model. The possible presence of
an O VIII K-edge or radiative recombination continuum (RRC) in the X-ray spectra
of 4U 0614+091 has been suggested before by Schulz et al. (2010). We find that
the abundance of Ne decreases when the xillverCO model is used. The best-fit
parameters suggest, however, that the overabundance of Ne with respect to the solar
photospheric value of Lodders (2003) is still required. It is important to stress that
the value of the Ne abundance can be uncertain, given the difficulty in measuring
the abundance of this element in the Sun. We measure ANe ≈ 1.6+0.1−0.2 with respect to
the solar photospheric value of Lodders (2003) when fitting the RGS data (see Section
4.5.3). However, the solar photospheric abundance of Ne in Lodders (2003) is for
example lower by a factor of ≈ 1.7 and ≈ 1.9 with respect to the solar abundance of
Ne in Anders & Grevesse (1989) and Anders & Ebihara (1982), respectively. Hence,
it is possible that the measured ANe is much closer to (or even consistent with) the
abundance of Ne in the ISM.
4.6.2 4U 1543−624: UCXB accreting near the Eddington limit ?
We have found that the combination of a cutoff power-law with a cutoff energy
of ≈ 5 keV and a black body with a temperature of ≈ 0.4 keV can describe the
LETGS data of 4U 1543−624. These characteristics of the spectrum of 4U 1543−624
appear similar to the characteristics of spectra of ultra-luminous X-ray sources when
observed in the ultraluminous state (Gladstone et al. 2009). Accretion near the
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Eddington limit can happen in UCXBs when the system comes into contact (van
Haaften et al. 2012a). Theory predicts that this stage happens in BH or NS UCXB
for orbital periods of around 8 − 11 min depending on the type of the accretor and
the influence of the thermal pressure on the donor star radius (Lennart van Haaften,
private communication). This limit on the orbital period is around half of the period
observed so far in the lightcurve of 4U 1543−624 (Porb = 18 min, Wang & Chakrabarty
2004). The unabsorbed flux of the UCXB 4U 1543−624 measured using the LETGS
spectra is 1.3±0.2×10−9 erg cm−2 s−1 (0.1−10 keV energy range). Assuming that this
source is accreting near the Eddington limit LEdd ≈ 1 − 2 × 1038 erg s−1, we estimate
the distance to the source to be d ≈ 30−40 kpc. Given the source Galactic coordinates
(l = 322◦, b = −6◦) and the estimated distance, 4U 1543−624 could be in the outskirts
of the Galaxy and possibly belong to a halo population of LMXBs, implying that this
source was kicked out of our Galaxy at formation.
We note that if 4U 1543−624 is indeed accreting near the Eddington limit, the Rin
parameter measured using the relativistically broadened reflection model might not
represent the true inner radius of the accretion disc. An optically thick corona
present above the inner part of the accretion disc can modify the reflection spectrum
(through absorption and multiple scattering events) in a way that will destroy the
characteristic, inner-disc signatures.
4.6.3 Assumptions in the reflection models & Future prospects
We have taken the first steps into describing the X-ray reflection spectra of UCXBs
with CO-rich disc. However, apart from the issues already mentioned before in this
section such as the limited number of grid points in the new model there are still
questions remaining on the details of the X-ray reflection process and accretion disc
physics in UCXBs. Those questions will need to be addressed before we are able to
provide robust constraints on e.g. the geometry of the accretion disc or the abun-
dances of elements in the accretion disc using X-ray reflection signatures.
For example, we have no robust observational constraints on the hydrogen number
density in the inner regions of the accretion discs in UCXBs. Therefore, we have
assumed in this analysis a hydrogen number density of nH = 1017 cm−3. However,
the ionization state of the reflecting material and hence the shape of the reflection
spectrum depends on this parameter. Given the quality of the current data, intro-
ducing the density as a free parameters would probably reveal many degenerate
solutions for the same dataset. However, future missions e.g. Astro-H, Athena+ with
higher spectral resolution and effective area than XMM-Newton and Chandra will
reveal more details of the X-ray reflection signatures observed in the spectra and
potentially be able to constrain the density of the reflecting material along with the
currently considered parameters.
Another concern is the underabundance of H in the accretion disc of UCXBs. In our
analysis we mimic the underabundance of H by increasing the abundance of all the
other elements. Given the uncertainty on the exact abundance of H in UCXBs and
the capabilities of the currently available reflection models we fixed the abundance
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of all the elements except He, C and O at ten times the solar value. However, future
reflection models should be able to provide reflection spectra for the abundances of
H even lower with respect to the other elements than currently assumed.
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5.1 Abstract
In this paper we address the general applicability of the method pioneered by S.-
N. Zhang et al. (2012) in which the motion of the compact object can be tracked using
wind X-ray absorption lines. We present the velocity measurements of the thermal
wind lines observed in the X-ray spectrum of a few low-mass X-ray binaries: GX 13+1,
H 1743−322, GRO J1655−40 and GRS 1915+105. We find that the variability in the
velocity of the wind lines in about all of the sources is larger than conceivable radial
velocity variations of the compact object. GX 13+1 provides a potential exception,
although it would require the red giant star to be massive with a mass of ≈ 5− 6 M.
We conclude that the variability of the source luminosity occurring on a time scale
of days/months can affect the outflow properties making it difficult to track the
orbital motion of the compact object using current observations. Given the intrinsic
variability of the outflows we suggest that low-mass X-ray binaries showing stable
coronae instead of an outflow (e.g. 4U 1254−69, MXB 1659−29, 4U 1624−49) could
be more suitable targets for tracking the orbital motion of the compact object.
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5.2 Introduction
It has been shown by S.-N. Zhang et al. (2012) that the disc outflow lines in GRO
J1655−40 and LMC X-3 track the motion of the compact object around the binary cen-
ter of mass. The authors point out that since the disc outflow moves together with
the accretion disc the Doppler motion of the wind absorption lines can be considered
as that of the compact object. If this method of tracking the orbital motion of the disc
and compact object is universally applicable then it could prove useful in measuring
the masses of the black holes/neutron stars in X-ray binaries.
So far, masses of the compact objects in X-ray binaries have been measured using
the Kepler’s third law expressed in the form of the mass function. The mass func-
tion can be solved for the mass of the compact object using phase-resolved optical
spectroscopy showing e.g. Doppler motion of the absorption lines originating at the
surface of the donor and measuring the Doppler broadening of the absorption lines
providing the mass ratio, as well as the binary inclination (for more details see e.g.
Ratti et al. 2012). However, since only the motion of the donor star is detected directly
in these systems, the resulting mass measurement of the compact object can be model
dependent. For instance corotation of the mass donor rotation around its axis and the
orbital motion are assumed. Similarly, the ellipsoidal modulations used to obtain the
inclination often depend on modeling the residual accretion disc contribution to the
optical and near-infrared light. In order to break this dependence, there have been
attempts to measure the motion of the compact object itself using the optical emis-
sion line features originating in the disc (Soria et al. 1998). In this way a single-lined
spectroscopic binary would become a ‘double’-lined spectroscopic binary in which
case the mass ratio can be measured directly. These lines are, however, usually asym-
metric and variable which makes it difficult to model them correctly and determine
the compact object motion reliably. As shown by S.-N. Zhang et al. (2012) detecting
narrow absorption lines in X-rays originating in the disc outflow instead provides a
much better opportunity to track the motion of the compact object.
Absorption lines originating from highly ionized disc outflows have been frequently
found in the X-ray spectra of black hole X-ray binaries (XRBs). One of the clear prop-
erties of these outflows is that they are observed only in high-inclination (> 60◦) black
hole XRBs and most of the time when the sources are in the soft (spectrum) state with
a high X-ray flux (Ponti et al. 2012). It is therefore likely that these winds have an
equatorial geometry and opening angles of few tens of degrees.
In this study we consider a few neutron star/black hole low-mass X-ray binaries
(LMXBs) showing disc outflows: GX 13+1, H 1743−322, GRO J1655−40 and GRS
1915+105. We note that none of these sources show a strong stellar wind which
could complicate the study of the disc outflow. The selected LMXBs were observed
at least two times with Chandra’s High Energy Transmission Grating (HETGS) and
all the spectra considered in the analysis contain strong outflow absorption lines.
GX 13+1 consists of a neutron star and an evolved late-type K5 III star (Fleischman
1985, Bandyopadhyay et al. 1999). The X-ray spectrum of the source is characterized
by the presence of a soft thermal component and high flux. GX 13+1 is likely a
Chapter 5 63
Table 5.1: Log of the Chandra HETGS observations.
# Obs. ID Mode∗ Date Texp [ks]
GX 13+1
1 2708 TE-G 08/10/2002 29
2 11815 TE-F 24/07/2010 28
3 11816 TE-F 30/07/2010 28
4 11814 TE-F 01/08/2010 28
5 11817 TE-F 03/08/2010 28
6 11818 CC-F 05/08/2010 23
7 13197 CC-G 17/02/2011 10
H 1743-322
3803 CC-G 01/05/2003 48
3805 CC-G 23/06/2003 50
3806 CC-G 30/07/2003 50
GRO J1655−40
5460 CC-G 12/03/2005 24
5461∗∗ CC-G 01/04/2005 44
GRS 1915+105
6579 CC-F 01/12/2005 12
6580 CC-F 01/12/2005 12
6581 CC-F 03/12/2005 10
7485 TE-G 14/08/2007 47
∗Modes: Time Graded (TE-G), Time Faint (TE-F), Continuous Clocking Faint (CC-F), Continuous Clocking
Graded (CC-G)
∗∗ this observation shows a wind with many absorption lines and the column density which is higher than
typically observed in LMXBs
high-inclination source (60◦ < i < 80◦, Dı´az Trigo et al. 2012). Ueda et al. (2004)
detected outflow lines e.g. Fe XXVI, Fe XXV, S XVI, Si XIV with a velocity of −400
km s−1 in Chandra HETGS observation of this source. The properties of the detected
lines are consistent with a wind driven by thermal/radiative pressure. We note that
this source is one of the very few neutron star LMXBs showing a thermal outflow.
The absorbers found in most of the dipping neutron star LMXBs appear to be in the
form of a steady corona: they are not showing signs of an outflow (Diaz Trigo &
Boirin 2012).
H 1743−322, GRO J1655−40 and GRS 1915+105 likely contain a black hole. These
sources have a high inclination (i > 60◦) and show prominent disc outflows in the
soft states (Ponti et al. 2012). Most of the Chandra outflow observations show narrow
Fe XXVI and Fe XXV absorption lines and the properties of these outflows inferred
from the observations are consistent with them being driven by a thermal/radiative
mechanism (Miller et al. 2006b, Neilsen & Lee 2009, Ueda et al. 2009). On one occa-
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Figure 5.1: MEG and HEG light curves of the LMXB GX 13+1 extracted using +1,−1 order
MEG and HEG events. The hardness ratio is calculated using the counts in the energy range
2 − 10 keV divided by the counts in the energy range 0.5 − 2 keV. Note a dip in the light curve
of obs. 4, which corresponds to significant spectral hardening.
sion, however, GRO J1655−40 showed an outflow with a high column density and
a spectrum that contains many absorption lines. It has been suggested by Miller
et al. (2006a) that the detected wind must be driven by magnetic rather than thermal
pressure. This observation of GRO J1655−40 was used by S.-N. Zhang et al. (2012) in
order to measure the motion of the black hole around the binary center of mass.
In this paper we address the applicability of the method of tracking the motion of
the compact object using outflow absorption lines. We analyze the Chandra observa-
tions of a sample of LMXBs focusing on the variability in the velocity of the outflow
lines. Finally, we discuss the possible cause of this variability and conclude that
the detected variability is unlikely to be caused by the motion of the compact object
around the center of mass of the binary in all sources. Our findings suggest that
only symmetric and stable winds can be used to track the motion of the compact
object. These characteristic of the wind, however, do not appear to be common in the
outflows observed in LMXB.
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5.3 Observations and data reduction
GX 13+1, GRS 1915+105, H 1743−322 and GRO J1655−40 were observed by Chandra
HETGS between 2002 and 2011 (see Table 5.1). We selected only the observations
showing prominent outflow lines. The observations were performed either in the
Time Exposure (TE) with the read out mode set to Faint or Graded or in the Contin-
uous Clocking (CC) with the read out mode Faint or Graded.
We reduce the data using standard tools provided by the CIAO software. Since the
zeroth order in the TE observations is significantly piled-up we use the tg findzo
tool in order to determine the correct position of the source. The center of the source
is determined by computing the intersection of the data dispersed along one of the
grating arms and the readout streak that is associated with the zeroth order image of
the source. The center can be determined with an error of less than 0.1 pixel which
corresponds to 0.000556 Å1 (≈ 80 km s−1 at 2 Å). In the case of the observations
taken in the CC mode we check that the position of the spectral lines in the positive
and negative order are consistent within the 3 σ errorbar. In the case that the position
of the spectral lines in the positive and negative order do not match we correct the
position of the zeroth order during the extraction of the spectra. Additionally, in the
CC mode we apply the destreak function in order to remove the read-out streak.
The default High Energy Grating (HEG) mask used for the spectral extraction has a
width of 73 pixels in the cross-dispersion direction. However, in order to improve the
HEG flux determination at short wavelength we use a narrower mask of 26 pixels.
The source is highly absorbed by the interstellar medium, therefore we extract only
the first order HEG spectra. The HEG spectrum has also a resolution twice as good
as a Medium Energy Grating (MEG) spectrum and as a result it is a factor of ≈ 2
less affected by pile-up than a MEG spectrum. During the analysis the positive and
negative order spectra are fitted simultaneously. Additionally the barycentric cor-
rection is applied to all the event files using the axbary function available in CIAO.
The duration of the analyzed observations as a fraction of the Chandra orbital period
varies between 0.04 and 0.2. As a result the error on the position of the absorption
line in the analyzed spectra introduced by applying the barycentric correction to the
average spectrum is small compared to the statistical error.
The response and effective area files are created using the standard CIAO tools. All
HEG spectra are binned by a factor of 2 (≈1/3 of the first order FWHMHEG=0.012 Å).
The number of counts per bin exceeds ≈ 15 − 20 counts, hence we use χ2 statistics to
fit the data. The spectra are analyzed using the isis2 and spex3 software packages.
The errors on the fit parameters reported throughout this paper are calculated for
∆χ2 = 1.0 (1σ for a single parameter).
We extract the MEG and HEG light curves in the energy range 0.5 − 10 keV using
+1,−1 order MEG and HEG events. We use time bins of 50 s long for each light
curve. Additionally the hardness ratio HR = Counts(2−10 keV)/Counts(0.5−2 keV)
1http://cxc.cfa.harvard.edu/cdo/about chandra
2http://space.mit.edu/cxc/isis
3http://www.sron.nl/spex
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Figure 5.2: Unfolded HEG spectra of GX 13+1 with the model overplotted (red curve). The
dashed line represents the disc black body contribution, the dashed-dotted line represents a
black body contribution. The former is difficult to separate from the data in obs. 2 and obs.
5 where the contribution of the black body is negligible. In obs. 6 and 7 a spline function is
used in order to describe the continuum.
for all observations is calculated (see Fig. 5.1). The light curves are not corrected
for pile-up. We notice a dip in the light curves of observation 4. Hence, during the
spectral extraction we exclude the part of the observation where the dip occurs.
5.4 Spectral results
5.4.1 Continuum spectrum of GX 13+1
The continuum spectrum is well described by a fit function combining an absorbed
disc black body and black body model. However, we find that a different combination
of continuum models such as a power-law plus a black body provides an equally
acceptable fit based on the χ2 statistics. Because of the small energy coverage of an
HEG spectrum and the high interstellar medium (ISM) extinction it is difficult to
constrain a more physical model of the continuum. Since the goal is to characterize
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narrow absorption lines in the spectra the knowledge of the physical properties of
the continuum are not essential. Additionally, observations 6 and 7 were performed
in CC mode which has larger calibration uncertainties than the TE mode used in the
rest of the observations. We find that the continuum spectra taken in the CC mode
are better described using a polynomial model of 4th order, which we therefore adopt
in the final fit.
In order to model the ISM neutral absorption we use the tbnew model available
in isis with the Lodders (2003) set of abundances. We note the presence of an
absorption features around 1.8 keV (6.8 Å). This feature could result from calibration
uncertainties in the HEG instrument near the Si K-edge.
The spectra taken using the TE mode are significantly piled-up. The pile-up in
grating spectra causes a pure reduction of the count rate. The detection of more than
one photon during a readout time, which cannot be separated, is either rejected by
grade selection or migrates to a higher-order spectrum (Nowak et al. 2008, Hanke et al.
2009). The pile-up effect can therefore significantly change the shape of the continuum
spectrum and affect the flux measurement. We use the simple gpile3 model available
in isis in order to determine the fraction of the piled-up photons in each spectrum
and correct the spectral model. In this model the pile-up fraction β is divided by
a constant representing the estimated pile-up fraction β0 = 3 × λres × Tframe, where
λres corresponds to the absolute wavelength accuracy of the HEG spectrometer1
(λHEGres = 0.0055 Å) and Tframe corresponds to the frame exposure time (1.24 s for the
TE mode where one-third of the full frame is read out in the analyzed observations
and 2.85 ms for the CC mode). The fits show that in the region between 2 − 4 Å the
spectra taken in TE mode have the flux reduced by ≈ 10 − 15% due to the pile-up
effect. The best-fit parameters are presented in the Table 5.2 and the best-fit model
for each observation is shown in Fig. 5.2.
Dı´az Trigo et al. (2012) reported the presence of an Fe K Compton broadened emission
line in the XMM-Newton observations. However, we do not find any significant
contribution from a broad emission line around 6.4 keV which could result from the
fact that the effective area of the Chandra satellite drops rapidly at higher energies
and is significantly smaller than that of XMM-Newton pn/MOS.
5.4.2 Outflow properties in GX 13+1
At first we choose the most prominent outflow lines: Fe XXVI, Fe XXV, S XVI and
Si XIV. In order to determine the velocity shift and broadening of these lines we use
the LineProfile model available in isis (Hanke et al. 2009, Misˇkovicˇova´ submitted).
In this approach we are treating each outflow line separately and do not assume they
originate in the same region of the outflow.
The fit reveals that most of the lines are blueshifted (see Fig. 5.3). It seems that the
velocity of the Si XIV, S XVI lines and especially Fe XXV is lower than the velocity
of the Fe XXVI line. We fit a constant function to all the measured velocities of each
line separately. The high value of the χ2ν shows that the velocity of the observed
absorption lines cannot be described by a constant blueshift. Additionally, we note
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that for the Fe lines the value of the ionic column density seems to correlate with the
value of the velocity broadening in all of the observations. This correlation could
indicate that the Fe lines are saturated (see Boirin et al. 2005).
Next, we assume that all of the observed lines originate in the same regions of the
outflow. We fit the absorption lines using the warmabs model in the isis software
package which calculates the emerging spectrum after the X-ray emission has trav-
eled through a slab of material. For comparison purposes we also use the xabs model
available in the spex software package. In these models all ionic column densities
are linked through a photoionisation model. The advantage of the warmabs/xabs
model over the LineProfile model is that all relevant ions are taken into account,
also those which would be detected only with marginal significance using the Line-
Profile model.
The spex software does not provide a suitable pile-up model. Therefore, we check
the influence of the pile-up on the narrow absorption lines by fitting a slab model
(which is the spex equivalent of the LineProfile model in isis) to each line separately.
We find that the velocity shift is consistent within the 1σ error with the values found
in the pile-up corrected spectra fitted in isis. The ISM neutral absorption in the spex
software package is modeled using the hot model with a very low temperature and
the Lodders & Palme (2009) set of abundances is used. Since in the spex software
package the spectra are not corrected for pile-up, we model the continuum spectrum
using a spline function of 4th order.
The photoionization models warmabs/xabs require providing an ionization bal-
ance which is calculated based on the spectral energy distribution (SED) of the source.
Due to the variability in the flux and high ISM absorption towards GX 13+1 it is dif-
ficult to measure the contribution from the different energy bands and determine a
proper SED. Therefore, we determine the SED based on the Chandra X-ray continuum
spectrum of GX 13+1 in the energy range 0.01 − 12 keV. We neglect the contribution
from the optical band since we do not have reliable flux measurement in this energy
range. We also do not include the infra-red flux since most of these photons likely
originate in the donor star and do not contribute significantly to the ionization bal-
ance of the gas in the accretion disc. Given that the absolute value of ξ depends
highly on the shape of the SED, only the relative changes of the ξ parameter can be
interpreted in this case. In order to determine the SED in each observation of GX
13+1 the continuum spectra in all observations are described by a black body and a
disc black body model. The spline function which we used in order to describe the
continuum in observation 6 and 7 can provide unrealistic values of the fluxes when
extrapolated beyond the energy range of 1.5−8 keV in which the spectra are fitted. We
use the xstar code when calculating the ionization balance for the warmabs model.
We provide the input density of the slab in the xstar code of n = 1013 cm−3, estimated
for the outflow in GX 13+1 (Ueda et al. 2004), luminosity of L = 1038 erg s−1 and the
maximum column density of NH = 1024 cm−2. We note that close to the optically
thick regime (NH ' 1024 cm−2) the ionization balance provided by the xstar code may
not be accurate, which can affect the measurement of the column density, ionization
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parameter or the line width. However, this effect is negligible for the overall velocity
of the outflow measured using the warmabs model. We use the cloudy code and
the xabsinput program when calculating the ionization balance for the xabs model.
For each log ξ between −8.5 and +6.5 with a step of 0.1 xabsinput4 program calls the
cloudy code assuming a fixed density of the slab of n = 108 cm−3 and column density
of NH = 1016 cm−2.
The fit to the data using the xabs model reveals that the outflow is significantly
blueshifted in all of the observations. Additionally, we indicate that the difference in
the ξ values provided by xabs andwarmabs could be due to the different assumptions
used when calculating the ionization balance in cloudy and xstar codes. We note
that in the observation 1, 2 and 7 the NH value obtained using xabs and warmabs
are inconsistent. The differences in the NH values provided by xabs and warmabs
models could be caused by the the differences in the continuum models used in both
cases and the treatment of the pile-up effect. We refit the spectra 1, 2 and 7 with the
NH parameter fixed to the value measured using the warmabs model and we find
that the two best-fit xabs models are statistically equivalent (99.99% confidence level,
see Table 5.2). Additionally, based on the 99% joint confidence level for the column
density and the ionization parameter we note that these two parameters appear cor-
related. This correlation is present in all of the analysed observations of GX 13+1 and
regardless of the photoionization model which is used for fitting the spectra. The fact
that the ionization parameter and the column density are correlated has, however, a
negligible effect on the measured velocity of the outflow (see Table 5.2).
5.4.3 Are the velocity variations of the lines caused by the orbital
motion of the primary ?
GX 13+1
Looking at the velocities measured using the warmabs/xabs model, it seems that the
variability could in fact have an orbital nature (see Fig. 5.3). Hence, in this section
we assume that the variations in the velocities we measure using the observations
performed in 2010 are caused by the motion of the disc around the center of mass of
the binary. We phase all of the observations performed in 2010 with the orbital period
of 24 d (Corbet et al. 2010) and fit a sine function υ(φ) = υ0 + K× sin[2pi(φ−φ0)] to the
velocities measured using the warmabs and xabs models. We note after Corbet et al.
(2010) that the detected periodicity around ≈ 24 d appears incoherent and it could
be caused by a structure that is not completely phase-locked in the binary system.
Since the observations taken in 2010 show no dramatic changes in flux during the
exposure (except for one dip in obs. 4 which has been excluded from the spectra), for
the fit using the sinusoid function we assume the phases corresponding to the middle
of each observation. Phase zero has been chosen arbitrarily and corresponds to the
time when the first observation in 2010 was obtained. The fit using a sinusoid gives
4a detailed description of the xabsinput program is given in the spex manual:
http://www.sron.nl/files/HEA/SPEX/manuals/manual.pdf
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Figure 5.4: Velocities of all of the outflow lines measured in GX 13+1 using the warmabs model
in isis (panels a1 and a2) and xabs model in spex (panels b1 and b2). The best-fit sinusoid is
overplotted together with the offset υ0 determined from the fit (dashed curve). In panels a1
and b1 the orbital the phase is calculated assuming the orbital period of 24 d, whereas in
panels a2 and b2 the phase is calculated assuming the orbital period of ≈ 23.6 d and ≈ 22.2 d,
respectively. Additionally the observation 1 and 7 are overplotted with a square symbol and
the observations excluded from the fit are marked in red. The orange and blue strip represents
a predicted semi-amplitude of the radial velocity of the primary estimated assuming the donor
mass of 0.8 M and 5 M, respectively.
χ2/ν = 9/2 and χ2/ν = 13/2 for velocity measurements obtained using warmabs
and xabs model, respectively. The large value of χ2ν indicates that there could be
systematic effects (e.g. deviations from the symmetric structure of the wind) that
could influence the velocity measurement or an outlying measurement. Fig. 5.4
(panels a1 and b1) shows the fit and the best-fit parameters are: υ0 = −430 ± 30
km s−1, K = 280 ± 60 km s−1 and φ0 = 0.41 ± 0.02 for the velocity measurements
obtained using the warmabs model and υ0 = −390 ± 20 km s−1, K = 240 ± 40 km s−1
and φ0 = 0.40 ± 0.02 for the velocity measurements obtained using the xabs model.
If these velocity variations indeed have an orbital nature the velocities measured
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in observations 1 and 7 should match the predicted velocities based on the fit of
the sinusoid to the observations 2 − 6. Given that the velocity measurement in obs.
3 deviates from the sine function fitted to the data we continue our investigation
under the assumption that this measurement is an outlier and exclude it from fur-
ther analysis. First, we calculate a Lomb-Scargle periodogram using the velocity
measurements as a function of time in order to find periodic signals present in the
data. The periodogram shows maximum power at P ≈ 23.6 d and P ≈ 22.3 d for the
velocities obtained by fitting warmabs and xabs models, respectively. Then, we fit a
sine function to all the velocity measurements of GX 13+1 obtained using the xabs
model (except obs. 3) and we let the period free during the fit. We use the period
found in the Lomb-Scargle periodogram as a starting value of a period when fitting
a sine function. The sinusoidal fit to the velocities obtained by warmabs model as a
function of time gives χ2/ν = 0.5/2 and the parameters of the fit are: υ0 = −460 ± 20
km s−1, K = 130 ± 40 km s−1, φ0 = 0.32 ± 0.05 and Porb = 23.57 ± 0.02 d (see Fig. 5.4,
panel a2). The sinusoidal fit to the velocities obtained by xabs model as a function
of time gives χ2/ν = 0.7/2 and the parameters of the fit are: υ0 = −420 ± 20 km s−1,
K = 150 ± 40 km s−1, φ0 = 0.37 ± 0.03 and Porb = 22.213 ± 0.008 d (see Fig. 5.4, panel
b2).
During the refereeing process of this paper a work by Iaria et al. (2013) have been
published. The authors suggest the orbital period of GX 13+1 of Porb = 24.5274(2) d.
We phase all the observations except observation 3 with the period estimated by Iaria
et al. (2013). We find, however, that in this case the fit using a sine function to the
velocity measurements as a function of the phase gives χ2/ν = 6/3 and χ2/ν = 12/3
for the velocities measured using thewarmabs and xabsmodel, respectively. We have
searched for a statistically acceptable fit around the value suggested by Iaria et al.
(2013) and we obtain χ2/ν = 0.6/2 and χ2/ν = 1.0/2 with Porb = 25.03 ± 0.01 d for the
velocities measured using the warmabs and xabs model, respectively.
In order to determine if the variability in the velocity of the absorption lines could
be caused by the motion of the disc around the center of mass we calculate a semi-
amplitude of the radial velocity of the primary in GX 13+1. The orbital parameters of
this source are shown in Table 5.4. As for the mass of the donor star, several authors
adopt a value of 5 M (Bandyopadhyay et al. 1999, Corbet 2003). However, mass
transfer via Roche lobe overflow of a 5 M giant on to a 1.4 M neutron star would
probably be unstable (Tauris & van den Heuvel 2006). Hence, for the purpose of
this work we consider also the donor star mass to be the lowest mass for a star that
evolved off the main sequence during the lifetime of the Universe Mdonor ≈ 0.8 M.
The chosen mass of the donor star provides the lowest K1 velocity.
H 1743−322, GRO J1655−40 and GRS 1915+105
In the case of the sources H 1743−322, GRO J1655−40 and GRS 1915+105 we focus
on the velocity of only the Fe XXVI line, given that it is the only spectral line visible
in all of the analyzed spectra. Additionally, two observations of GRO J1655−40 and
GRS 1915+105 (ObsID 5461 and ObsID 7485, respectively) show that the velocities of
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e.g. Fe XXVI and Fe XXV differ significantly (Ueda et al. 2009, Miller et al. 2008). In
this way, we investigate whether the wind velocity in the region where the Fe XXVI
line originates is stable between the observations. Additionally, we note that the
outflow observed in GRS 1915+105 (ObsID 6579, 6580, 6581) shows variability (in the
ionization state and column density) between the observations (Neilsen et al. 2012).
However, there is no statistically significant change in the velocity of the outflow
between the observations (Neilsen et al. 2012). We determined the velocities of the
Fe XXVI line by fitting locally the slab model. The observations ObsID 6579 and 6580
are fitted simultaneously. The continuum is described by the power-law and black
body model absorbed by a slab of material. We fit the continuum in the positive
and negative order spectra separately and couple the parameters of the NH and slab
absorption in the fit. The measurements agree with those published before by Miller
et al. (2006b), Miller et al. (2008), Neilsen et al. (2012), Neilsen & Homan (2012) and
Ueda et al. (2009).
We fit a constant to the velocities measured for each source. The fits giveχ2/ν=18/2
for H 1743−322, χ2/ν=16/1 for GRO 1655−40 and χ2/ν=11/2 for GRS 1915+105, re-
spectively. Based on the high χ2ν value for all three sources we conclude that the line
velocity changes significantly between the observations. In order to determine if this
variability could be caused by the motion of the disc around the binary center of mass
we calculate the semi-amplitude of the radial velocity of the primary for each source.
We provide the orbital parameters for all three BH LMXBs in Table 5.4. We note
that in the case of H 1743−322 the orbital parameters are not well constrained. The
quiescent X-ray luminosity indicates the orbital period P > 10 h (Jonker et al. 2010).
However, the infrared luminosity of this source suggests an orbital period less than
the bifurcation period P / 10 − 14 h as the infrared counterpart in quiescence is too
faint to be a giant, hence it is close to the main-sequence (McClintock et al. 2009). Fig.
5.5 shows the measured velocities, constant offset (systemic velocity of the binary +
outflow velocity) and the predicted amplitude of the velocity variations based on the
estimated orbital parameters of each system. The differences in the velocities of the
observed lines are higher than the predicted velocity variations caused by the motion
of the disc around the center of mass.
5.5 Discussion
We have analyzed the data of GX 13+1, H 1743−322, GRO J1655−40, GRS 1915+105
and found a significant variability in the velocity of the outflow lines. The variability
of the observed absorption lines, however, appears to be higher than the predicted
variability caused by the motion of the black hole/neutron star around the binary’s
center of mass. We discuss possible causes of this variability.
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5.5.1 The origin of the variability in the outflow velocity
GX 13+1
In the case of GX 13+1, the sequence of Chandra observations obtained in 2010 covered
more than half of the orbital period. Hence, we had an opportunity to investigate the
variability in the velocity of the outflow lines during an orbital period. The estimated
K1 ≈ 250 km s−1 based on the measured absorption line velocities would require a
supergiant companion star with a mass of ≈ 50 M. This result is inconsistent with
the spectroscopic and photometric measurements of the counterpart for this source
suggesting that the companion is a late-type giant (Bandyopadhyay et al. 1999).
We find no evident correlation between the changes in the luminosity and the out-
flow velocity in GX 13+1. Hence, we consider a possibility that the source shows a
stable outflow in which an asymmetry is introduced by e.g. a hot spot or a warp in
the outer part of the disc. A hot spot in a persistent source would likely introduce a
predictable asymmetric structure and show differences in the outflow characteristics
(column density, ionization parameter, outflow velocity). However, any type of short
lived disc warp may affect the wind in a random fashion and introduce asymme-
tries which are unpredictable. Although the value of column density and ionization
parameter appear consistent in all observations of GX 13+1, we find evidence of de-
generacy between these two parameters when fitting the outflow spectra using the
xabs and warmabs models. Therefore, we cannot exclude a possibility that the ion-
ization state of the outflow changes between the observations of GX 13+1. We stress
that the variable density/ionization state of the source with geometrical structure of
the wind unchanged is also a possible interpretation of the observed variability in
the velocity.
By leaving out the observation showing the most blueshifted outflow lines (obs. 3)
when fitting the velocity measurements using a sine function we obtain the velocity
amplitude that is consistent with the radial velocity amplitude of the compact object
assuming a donor star with M ≈ 5 M (Bandyopadhyay et al. 1999). Hence, the
outflow velocity measurement in observation 3 could in this interpretation represent
a contribution from an asymmetric structure (e.g. a hot spot or a warp) or a different
ionization state of the entire wind. Additionally, we find that the velocity measure-
ment in observations obtained in 2002 and 2011 are also consistent with the radial
velocity variability of the compact object assuming the donor mass of Mdonor ≈ 5 M
and taking into account the uncertainty in the orbital period of GX 13+1. Considering
the binary evolution, a system with a mass ratio of q = Mdonor/MNS & 1.5 (transfer-
ring mass through a Roche lobe overflow) would probably lead to an unstable mass
transfer and a common envelope phase (Tauris & van den Heuvel 2006). The proba-
bility of observing the source in this short evolutionary stage is low.
The variability pattern in the outflow velocity observed in GX 13+1 looks like it could
be orbital in nature. Without the full orbital coverage, however, we cannot say with
certainty that the observed variations are indeed orbital. Additionally, Dı´az Trigo
et al. (2012) found that in the observations taken by XMM-Newton in a period of
time which was smaller than the orbital period of this source, the outflow showed
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significant changes in its ionization state.
H 1743−322, GRO J1655−40, GRS 1915+105
In the case of H 1743−322, the uncertainly on the orbital period makes it difficult to
establish what fraction of the orbital period is covered by the presented observations.
If the orbital period is indeed close to 10 h the velocity measured in each observa-
tion represents the average for the whole orbital period. Owing to the fact that it is
difficult to obtain a sufficiently accurate velocity measurement when dividing these
observations into phase bins, we cannot exclude the possibility that the outflow in
this source could track the orbital motion of the primary. It seems, however, that on
the time scale of months the wind in this source is variable beyond the variability
predicted to be caused by the motion of the compact object. Given that there are sig-
nificant changes in the flux between the analyzed observations (Miller et al. 2006b)
it is conceivable that the velocity of the wind has changed significantly between the
observations.
It has been suggested by Miller et al. (2006a) and Kallman et al. (2009) that the wind
observed in GRO J1655−40 (ObsID 5461) has a high density and occurs closer to the
compact object than a typical thermal wind. Hence, the authors suggest that this
outflow must be driven by magnetic pressure. On the other hand, owing to the
uncertainty in the density and the bolometric luminosity of this source Diaz Trigo
& Boirin (2012) suggest that the thermal/radiation pressure could still be considered
as a driving mechanism for this wind. Regardless of the outflow’s nature it is clear
that the column density of this wind is significantly higher than typically observed
in LMXBs. S.-N. Zhang et al. (2012) have shown that the wind in GRO J1655−40 does
track the motion of the compact object. However, we would like to stress that the
characteristics of the wind observed in this source also change with the source lumi-
nosity. The XMM-Newton observation of GRO J1655−40 taken five days earlier than
the discussed Chandra observation shows a wind with the column density which is
significantly lower than observed in the Chandra observation (Dı´az Trigo et al. 2007).
Our results obtained analyzing the observations of GRO J1655−40 and GRS 1915+105
indicate that on a time scale of weeks/months the velocity of the Fe XXVI line does not
match the predicted semi-amplitude of the radial velocity of the primary. Hence, it
is possible that the wind stays stable and symmetric on a short time scales (a fraction
of the orbital period) but it seems unlikely that it can remain stable for a longer time
such as several orbital periods.
Although the method of tracking the motion of the compact object using the X-ray
outflow lines (S.-N. Zhang et al. 2012) could be very useful in obtaining the masses
of compact objects in X-ray binaries, it appears that it is difficult to find more evi-
dence confirming the applicability of this method in the X-ray outflow observations
obtained so far. The complication comes from the fact that the observations are rel-
atively short and scattered over many years. Over such a long period of time the
sources experience different spectral states which might influence the temperature
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and velocity of the observed outflow. In such a case it is very difficult to disentangle
the intrinsic velocity of the wind from the possible Doppler shifts due to the motion
of the disc.
5.5.2 Velocities of different ions in the analyzed disc outflows
According to the simple one-dimensional thermal disc wind model proposed by
Netzer (2006) the ionization of the outflow becomes larger in the outer parts of the
disc where the velocity of the outflow is also higher than in the inner region. In this
interpretation the velocity of the Fe XXVI ions observed in the disc wind of GX 13+1
would indicate that they are located further from the compact object than the S XVI
and Si XIV ions. The velocity measurements of the Fe XXVI, S XVI, Si XIV (and other
absorption lines at E < 6 keV) observed in GRO J1655−40 and GRS 1915+105 seem
to confirm this interpretation as well (Ueda et al. 2009, Netzer 2006, Kallman et al.
2009). The velocity of the Fe XXV line, however, deviates in all observations of GX
13+1, GRO J1655−40 and GRS 1915+105 from the value which the model proposed by
Netzer (2006) would predict. Ueda et al. (2009) suggest that unlike a single electron
system in H-like ions, there could be uncertainties in the atomic database for He-like
(and more electrons) ions. Another possibility could be the influence of a broad Fe K
emission line detected by Dı´az Trigo et al. (2012) in the XMM-Newton observations
of GX 13+1. The emission could potentially fill up part of the Fe XXV absorption
line. Due to the low effective area of the HETGS instrument at ≈ 7 keV it is difficult
to study the influence of this emission feature on the observed absorption lines.
In conclusion, the velocities of different ions in the observed thermal winds can
differ significantly even if the wind is stable and symmetric which can complicate
the measurement of the orbital motion of the primary further.
5.5.3 LMXBs showing bound atmospheres
Given that the variability in the luminosity, ξ and NH observed in thermal winds of
LMXBs can affect the velocity of the outflow we propose that a better target for the
method of tracking the orbital motion of the compact object would be the sources
showing bound atmospheres such as 4U 1254−69, MXB 1659−29, 4U 1624−49. These
sources have a luminosity which is too low to launch an outflow in contrast with the
sample of BH/NS LMXBs analyzed in this paper. Hence, the gravitational potential
in these NS LMXBs keeps the atmosphere bound to the accretion disc (Diaz Trigo &
Boirin 2012).
Since we have found only one good quality spectrum of these sources observed by the
Chandra gratings in the archive, we briefly investigate whether it is feasible to use the
absorption lines originating in the bound atmospheres in order to track the motion
of the neutron stars in these systems using the current instruments. We compare the
predicted K1 velocity and the exposure of a phase-resolved observation as a fraction
of the orbital period for all sources showing outflows or bound coronae discussed
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Figure 5.6: The x-axis indicates the estimated exposure times of the observations if taken with
the Chandra HEG spectrograph as a fraction of the orbital periods of the discussed sources in
order to obtain a signal-to-noise ratio of 10 per bin in the continuum. The y-axis shows the
semi-amplitude of the radial velocity of the compact object estimated for each source. The
spectral resolution of the Chandra HEG spectrograph and Astro-H microcalorimeter at ≈ 2 Å
is indicated by the red, dashed, horizontal lines. The top axis shows the estimated exposure
times as a fraction of the orbital period for the observations which could be performed by the
Astro-H microcalorimeter.
in this paper. We assume a signal-to noise ratio of ≈ 10 per bin at the continuum
level at ≈ 7 keV as necessary in order to obtain a precise velocity measurement for
one spectral line. Given that more than one wind absorption line is usually visible
in the spectra of these sources the exposure time could further be reduced by a
factor of a few keeping the precision of the wind velocity measurement. We note
that apart from typically observed Fe XXV and Fe XXVI absorption lines, there have
been detections of the lines originating from highly ionized e.g. Ne, Mg, Si, S in
the persistent emission spectra of 4U 1624−49 and MXB 1659−29 (Sidoli et al. 2001,
Xiang et al. 2009). Fig. 5.6 shows a comparison of the predicted K1 velocity based
on the measured or estimated orbital parameters (see Table 5.4) and the exposure
time of a single observation as a fraction of the orbital period. It seems that the
sources showing bound atmospheres have higher K1 velocities than those showing
outflows. However, the exposure time needed in order to obtain a good signal-
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to-noise ratio spectrum for the LMXBs showing bound atmospheres usually covers
much more than the orbital period of the source. Hence, using current instruments
it seems difficult to track the orbital motion of the compact object using the bound
atmospheres present in LMXBs. Future instruments such as the microcalorimeter on
Astro-H will provide a better spectral accuracy and effective area than Chandra HETGS
instrument in order to track the orbital motion of the compact object in the sources
showing bound atmospheres. Fig. 5.6 upper axis shows the predicted exposure
time as a fraction of the orbital period for a observation taken by a microcalorimeter.
Additionally, the approximate spectral resolution of the microcalorimeter on Astro-H
is also indicated.
5.6 Conclusions
We have analyzed a sample of LMXBs showing thermal winds in order to determine
whether the motion of the compact object can be tracked using the absorption lines
originating in the winds driven by thermal/radiation pressure. We find that the
velocity of the typical thermal wind in the analyzed sources can be variable on
a time scale of months/years as well as during an orbital period. The origin of
this variability could be a changing luminosity of the source that affects the wind
velocity or an asymmetry in the geometry of the outflow itself. Looking at the
properties of the thermal outflows we conclude that LMXBs with luminosities which
are too low to launch a thermal wind but sufficient to produce a stable corona
could perhaps be better targets for the method of tracking the orbital motion of the
compact object. Additionally, a high column density of the observed wind/corona
(like in the case of GRO J1655−40) with multiple lines present in the spectrum seems
to be necessary in order to measure the Doppler shifts with sufficient precision using
current instruments. Alternatively, future spectrometers like the microcalorimeter
on Astro-H could provide the necessary higher spectral resolution and effective area
to make these measurements possible.
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Time-resolved X-Shooter spectra
and RXTE light curves of the
ultra-compact X-ray binary
candidate 4U 0614+091
O.K. Madej, P.G. Jonker, P.J. Groot, L.M. van Haaften, G. Nelemans and T.J. Maccarone
Published in MNRAS 2013, Volume 429, Issue 4, page 2986 − 2996
6.1 Abstract
In this paper we present X-Shooter time resolved spectroscopy and RXTE PCA light
curves of the ultra-compact X-ray binary candidate 4U 0614+091. The X-Shooter data
are compared to the GMOS data analyzed previously by Nelemans et al. (2004). We
confirm the presence of C III and O II emission features at ≈ 4650 Å and ≈ 5000
Å. The emission lines do not show evident Doppler shifts that could be attributed
to the motion of the donor star/hot spot around the center of mass of the binary.
We note a weak periodic signal in the red-wing/blue-wing flux ratio of the emission
feature at ≈ 4650 Å. The signal occurs at P = 30.23 ± 0.03 min in the X-Shooter and
at P = 30.468 ± 0.006 min in the GMOS spectra when the source was in the low/hard
state. Due to aliasing effects the period in the GMOS and X-Shooter data could well be
the same. We deem it likely that the orbital period is thus close to 30 min, however,
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as several photometric periods have been reported for this source in the literature
already, further confirmation of the 30 min period is warranted. We compare the
surface area of the donor star and the disc of 4U 0614+091 with the surface area of
the donor star and the disc in typical hydrogen-rich low-mass X-ray binaries and
the class of AM Canum Venaticorum stars and argue that the optical emission in
4U 0614+091 is likely dominated by the disc emission. Assuming that the accretion
disc in 4U 0614+091 is optically thick and the opening angle of the disc is similar to
the one derived for the hydrogen-rich low-mass X-ray binaries we conclude that the
donor star may in fact stay in the disc shadow. Additionally, we search for periodic
signals in all the publicly available RXTE PCA light curves of 4U 0614+091 which
could be associated with the orbital period of this source. A modulation at the orbital
period with an amplitude of ≈ 10% such as those that have been found in other ultra-
compact X-ray binaries (4U 0513−40, 4U 1820−30) is not present in 4U 0614+091. We
propose that the X-ray modulation found in 4U 0513−40 and 4U 1820−30 could be a
signature of an outflow launched during the high/soft state near the stream impact
region.
6.2 Introduction
The source 4U 0614+091 is a persistent ultra-compact X-ray binary (UCXB) candidate
that belongs to the class of low-mass X-ray binaries (LMXBs). UCXBs are character-
ized by very short orbital periods, typically less than 80 min. The consequence is a
secondary star with such a high density that it excludes main-sequence type donor
star (Nelson et al. 1986, Savonije et al. 1986). The donor star in 4U 0614+091 is most
probably a CO white dwarf, based on the emission lines of oxygen and carbon found
in the optical spectra and the lack of hydrogen and helium lines (Nelemans et al.
2004, Werner et al. 2006). An additional hint towards a CO white dwarf comes from
the detection of the relativistically broadened O VIII Lyα emission line (Madej et al.
2010, Schulz et al. 2010). The accretor is a neutron star, since it is showing type I
X-ray bursts (Kuulkers et al. 2009). The source shows no eclipses or dips in the light
curves. However, due to a very low mass ratio (theoretical estimate based on the
suggested orbital period of 50 min is q ≈ 0.01) the threshold for the inclination below
which the eclipses and dips are not present can even be higher than 80 deg (Horne
1985, Paczynski 1974).
The orbital period measurement is important to classify the source as an UCXB and
determine its evolutionary stage. In the case of 4U 0614+091 the first claim of the
orbital period measurement of ≈ 50 min was by O’Brien (2005) in high-speed optical
data taken with ULTRACAM. The modulation in the optical light curve can occur
either due to heating of one side of the donor by X-ray irradiation, the superhump
phenomenon caused by a tidal deformation of accretion disc, emission from the im-
pact point of the stream with the disc or an asymmetry of the accretion disc. The
orbital period of ≈ 50 min was also suggested by Shahbaz et al. (2008) in IAC80 data
and Y. Zhang et al. (2012) in Otto Struve Telescope data. However, Hakala et al. (2011)
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analyzed a large set of fast optical photometry obtained with the NOT telescope and
report no conclusive evidence for the orbital period of this system. In one out of 12
optical data sets the authors found a strong periodic signal at ≈ 50 min.
The modulations with the orbital periods in the UCXBs were reported not only in
optical but also X-ray light curves (Fiocchi et al. 2011, Stella et al. 1987). As far as
4U 0614+091 is concerned a periodic modulation of ≈ 25 min was found in one EX-
OSAT light curve (Hakala et al. 2011), when the source was in a high flux state. On
the other hand, Schulz et al. (2010) folded a Chandra HETGS light curve, when the
source was in the low/hard state, with the periods of 41, 51, 62 and 120 minutes and
found no evidence of a periodic modulation.
A powerful method of measuring the orbital parameters in persistent LMXBs or
LMXBs in outburst is to measure the Doppler shifts of the high-excitation emission
lines of C III and N III forming the Bowen blend at ≈ 4650 Å (Steeghs & Casares
2002). These narrow lines are associated with the irradiated companion star and
have been detected in many LMXBs (Casares et al. 2003, 2006, Cornelisse et al. 2007a,
Mun˜oz-Darias et al. 2009).
Another method used to determine the mass ratio is to measure the rotational broad-
ening of the absorption lines originating in the atmosphere of the donor star (Gies &
Bolton 1986).
Nelemans et al. (2006) analyzed a set of time-resolved spectra of 4U 0614+091 taken
with Gemini Multi-Object Spectrograph (GMOS) on the Gemini-North telescope and
found no signatures of narrow emission lines. Although the source is showing a
broad emission blend of O II and C III lines at ≈ 4650 Å the resolution of ≈ 2 Å might
have been too low to detect narrow line components, if present. The authors found,
however, weak evidence for a sinusoidal pattern with a period of 48.547 min in a
weak absorption line around 4960 Å (possibly caused by C I), which could result
from the absorption in the atmosphere of the donor star.
A spectroscopic measurement of the orbital period has not been successful for any
of the UCXBs except for the weak evidence noted by Nelemans et al. (2006). It has
been, however, successful for AM Canum Venaticorum (AM CVn) stars. This class
of sources consists of a white dwarf accretor with a degenerate or semi-degenerate,
hydrogen-poor donor star. They are similar to UCXBs in terms of the mass ratio and
chemical composition of the donor star. The Doppler shifts of emission lines found
in the optical spectra of AM CVns are caused by the motion of the impact point of the
accretion stream onto the accretion disc (e.g. Nather et al. 1981, Roelofs et al. 2005) or,
in the case of the very short period system HM Cnc, the irradiated side of the donor
star (Roelofs et al. 2010).
In this paper we analyze time-resolved X-Shooter spectra of 4U 0614+091 searching for
narrow emission/absorption lines showing periodic Doppler shifts associated with
the donor star/hot spot motion around the center of mass. The X-Shooter resolution
of ≈ 0.9 Å in the blue part of the spectrum gives us a better opportunity to detect
the narrow emission components than previous studies using the GMOS instrument
(Nelemans et al. 2006). We compare the X-Shooter and the GMOS data. Additionally,
we analyze all archival RXTE PCA light curves in search for an X-ray modulation at
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the orbital period. We separate high and low X-ray flux regimes of the source and
look for periodic signals in both of them.
6.3 Observations and data reduction
6.3.1 X-Shooter observations
4U 0614+091 was observed with the X-Shooter instrument on 5 nights from 16 − 22
February 2010 (see Table. 6.1). X-Shooter is an echelle spectrograph operating at the
Cassegrain focus of Unit Telescope 2 (Kueyen) on the Very Large Telescope. In a single
exposure the instrument covers the spectral range from the UV to the near-IR K band
in 3 arms (Vernet et al. 2011). The ultraviolet-blue (UVB) arm covers 3000 − 5595 Å
in 12 orders with a resolution of 5100 (for a 1′′ slit width), the visual-red (VIS) arm
covers the range 5595 − 10240 Å in 14 orders with a resolution of 8800 (for a 0.9′′
slit width) and the near-infrared arm covers 10240 − 24800 Å in 16 orders with a
resolution of 5300 (for a 0.9′′ slit width). The slit widths described here were used
during the observations.
The source was observed in the slit stare mode (fixed position on the slit) in all
three arms. The binning factor for the UVB and VIS arm spectra was 2 in the spatial
direction and 2 in the spectral direction, the NIR arm spectra are by default not
binned. The slow readout mode with high gain (100k/1pt/hg/2x2) was used for all
the nights except the first night when the readout mode was fast with low gain
(400k/1pt/lg/2x2). The exposure time of every observation was 180 s in UVB and
VIS arm. Due to significant thermal background noise in the NIR arm instead of
one 180 s exposure, three exposures of 60 s were taken and averaged in one FITS
file. We reduce the data using the standard X-Shooter reduction pipeline version 1.5.0
(Goldoni et al. 2006, Modigliani et al. 2010). A physical model mode was used during
the reduction process in which the solution is obtained by optimizing the instrument
physical model parameters to the data. Since the data were obtained in February 2010
during the first, shared-risk semester of X-Shooter operations, no linearity frames are
available for these observations, therefore we do not compute the detector gain and
linearity (xsh lingain recipe). The bad pixel map is included only during the NIR arm
data reduction process, since it contains significantly more bad pixels than the UVB
and VIS arm data. In the UVB arm we use an instrumental response updated by the
X-Shooter calibration team which contains a more accurate than currently available
in the pipeline flux calibration around 3600 − 3800 Å (Wolfram Freudling, private
communication). In the VIS arm we use the instrumental response file provided
with the pipeline. The calibration of the source spectrum is additionally corrected for
the instrumental flexures during the observing nights using the xsh flexcomp recipe.
In order to estimate the sky background, a one-dimensional spectrum of the sky is
built. The pixels outside of the source extraction region and far from the slit edges
are taken. The interpolation of the resulting one-dimensional sky spectrum is done
by applying the running median with the default window width of 14 pixels. The
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Figure 6.2: Fluxes averaged over one observing ID of all RXTE PCA, PCU 2 observations in the
X-ray energy range 2− 5 keV. The blue and orange measurements are taken from van Straaten
et al. (2000) and represent a sample of light curves in the island state up to lower banana state
(blue) and lower banana up to higher banana state (orange). The red solid line at 70 c s−1
distinguishes roughly between the high/soft and low/hard state.
optimal extraction is used to obtain the one-dimensional spectrum of the source.
The analysis of the spectra is performed using the molly package developed by Tom
Marsh.
Average spectrum
We extract all UVB and VIS spectra from every night and calculate the weighted
(based on S/N ratio) average UVB and VIS spectrum (see Fig. 6.1). The resolution
in the output UVB and VIS spectra is ≈ 0.9 Å. All the spectra are extracted with a
wavelength sampling of 0.3 Å and a median smoothing is used with a window width
of 4 bins for UVB arm and 5 bins for VIS arm. The plate scale is ≈ 0.32 arcsec pix−1
for UVB and VIS. We determine the seeing for every observation by measuring the
FWHM of the source profile of each spectrum in the wavelength range 4500-4520 Å
(see Table 6.1; for the seeing measurement the spectra are unsmoothed and binned
to the resolution of the instrument). The accuracy of the wavelength calibration in
every spectrum is determined by measuring the position of the O I sky lines in all
spectra. The sky line at 5577.338 Å has an rms scatter of 0.05 Å (UVB arm) and the
sky line at 6300.304 Å has an rms scatter of 0.07 Å (VIS arm).
Since one of the goals of this paper is to look for periodic Doppler shifts in the
emission lines that could correspond to the orbital period of this source, we examine
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the spectra ‘by eye’ in search of prominent emission lines. We confirm the presence
of an emission feature at ≈ 4650 Å reported by Nelemans et al. (2004, 2006) and
Werner et al. (2006) corresponding to the blend of C III and O II lines (see Fig. 6.1).
We also find weak emission line signatures of O II at ≈ 4900 Å and C II at 7200 Å
(Nelemans et al. 2006, Werner et al. 2006). The combination of two different flat fields
(D2 and QTH) causes a discontinuity in the response curve and results in the artifacts
in the flux calibrated spectra around 3800 Å hence this region is difficult to examine
for possible emission features. Therefore, we check individual orders in search for
emission lines of O III mostly (Werner et al. 2006) around 3700 Å. However, we find no
significant emission features that could be attributed to the emission lines of oxygen
or carbon in that region. The blue part of the UVB spectrum (3000-3600 Å) shows
small artifacts (‘bumps’ and ‘dips’) visible also in the spectrum of the standard star
possibly caused by imperfect merging of the spectral orders in the region where the
S/N ratio of the data is much lower than in the middle and red part of the spectrum.
We extract the median NIR spectrum from all observations taken each night. The
resolution of the NIR spectrum is ≈ 3 Å and plate scale is ≈ 0.21 arcsec pix−1. We
detect emission at wavelengths where the near-IR J, H and K bands occur. Most
of the LMXBs are located towards the Galactic center. Therefore, their optical light
is usually highly absorbed. A near-IR spectrum could prove an alternative way to
study the chemical composition of the donor star of the UCXBs and distinguishing
between the CO or He WD. For that reason we look for significant differences between
the LTE model spectra for UCXBs with a carbon-oxygen and helium WD donor star
(Nelemans et al. 2006). There is a strong emission line at ≈ 1.2 µm (blend of C III
transitions: 1199.13, 1198.8 and 1198.12 nm) present only in the CO model. Therefore,
its presence could be used to distinguish an UCXB with a CO WD donor from He
WD donor star. We examine the wavelength range where this emission line should
occur. We find, however, no evidence for the presence of such a line. The upper limit
on the flux of this line using the spectrum is also difficult to determine due to the
systematic errors in the flux calibration. Due to a poor S/N ratio of the NIR spectra
and many residuals from the sky lines subtraction we do not discuss this part of the
spectrum further.
6.3.2 RXTE observations
We choose all of the Standard 2 mode (FS4a*.gz), PCU 2 data obtained during the
RXTE mission (≈ 16 years) of 4U 0614+091. The observations where type I X-
ray bursts were detected (2 light curves which contain tails of the X-ray bursts at
MJD=51789 and 51944, Kuulkers et al. 2009) are excluded and the ftools package
is used to process the rest of the RXTE data. The data are screened with standard
criteria and the light curves are extracted using the saextrct tool in the channel range
2 − 14 (roughly 2 − 5 keV 1) with time bins of 16 s. In this way our analysis is more
sensitive to mechanisms causing the modulation of the soft X-rays. The background
light curve is created by the runpcabackest tool using the background model for
bright sources and subtracted from the source light curve using the lcmath tool. We
Chapter 6 91
Table 6.2: The measured equivalent widths for the emission features: C III and O II transitions
at 4624 − 4680 Å and O II transitions at 4680 − 4720 Å and 4900 − 4960 Å.
Date EW (C III, O II) EW (O II)
(4624-4680 Å) (4680-4720 Å,
4900-4960 Å)
16/02/2010 6.7±0.1 4.0±0.2
18/02/2010 3.25±0.06 1.83±0.09
20/02/2010 4.67±0.09 2.4±0.1
21/02/2010 5.59±0.1 2.8±0.1
22/02/2010 4.6±0.1 2.5±0.1
do not apply any correction for the deadtime. In total there are 488 RXTE PCA obsIDs
and the length of the individual observations is less than 55 min (see Fig. 6.2). The
majority of the observations have a length in the range 40-60 min which is similar
to the orbital period proposed so far for 4U 0614+091. Hence if the orbital period of
4U 0614+091 is indeed≈ 50 min we may expect prominent aliases in the periodogram
which can make the detection of the true signal more difficult.
The light curves are analyzed using the Period Time-Series Analysis Package avail-
able in starlink namaka package.
6.4 Analysis and results
6.4.1 Optical emission
The structure and variability of the emission features
In order to investigate if there are any changes in the mean wavelength of the emis-
sion feature caused by e.g. changes in the ionization state between the observations,
we cross-correlate the average spectrum from every observing night covering the
emission feature at ∼ 4650 Å with the average from all observing nights using xcor
in molly. For the data analysis of the emission features at ∼ 4650 Å and ∼ 4690 Å we
use the errors based on the variance of the data in the wavelength range 4500 − 4600
Å. The cross-correlation reveals that the emission feature is stationary between the
observing nights within the 1σ errorbar calculated by the xcor function. The width
of the feature also does not change significantly between the observing nights.
We measure the equivalent widths of the emission features between 4624 − 4680 Å
and 4680− 4720 Å together with 4900− 4960 Å. We note a significant decrease in the
equivalent widths of the emission features between the first and second observing
night which seems to correlate with the increase of the seeing value (see Table 6.1
1The gain of the PCA instrument used to drift slowly with time, which slightly changed the energy to
channel assignment.
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Figure 6.3: Top panel: RXTE ASM and MAXI flux of 4U 0614+091 close in time to the X-
Shooter observations. The red line shows the approximate threshold between the low/hard
and high/soft state determined from the PCA fluxes (see Section 6.4.4). The blue vertical
lines indicate positions of the X-Shooter observations. A flux of 1 Crab=2.4×10−8 erg cm−2 s−1
corresponds to ≈ 75 c s−1 SSC−1 for the ASM and 3.6 ph s−1 cm−2 for the MAXI instrument.
Bottom panel:. RXTE ASM flux of 4U 0614+091 close to the optical GMOS observations (blue
vertical lines).
and 6.2). Since the seeing conditions were variable over the observing nights and
the signal to noise ratio of the spectra and emission features low it is difficult to say
whether the variations in the equivalent widths of the emission features are caused
by the intrinsic variations of the source emission.
In order to estimate the width and centroid of the emission features at ≈ 4650 Å and
≈ 4690 Å we first fit two Gaussian lines to the average spectrum from all observing
nights which give a poor fit with reduced chi-squared value of χ2/ν = 1476/360.
Additional visual inspection of the features lead us to fit four Gaussian lines (see
Fig. 6.4, lower panel). The reduced chi-squared value of the fit using four Gaussian
lines is χ2/ν = 761/360. The centroids and widths of the three distinct components
forming the feature at ≈ 4650 Å are: λcen1 = 4640.7 ± 0.1 Å, FWHM = 9.3 ± 0.3 Å;
λcen2 = 4649 ± 2.0 Å, FWHM = 5 ± 4 Å; λcen3 = 4659 ± 2 Å, FWHM = 20 ± 4 Å. The
centroid and width of the O II emission lines at 4680 − 4720 Å are λcen = 4694 ± 2 Å
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Figure 6.4: Upper panel: Trailed spectrogram of all of the UVB observations showing the same
blend of C III and O II as in the lower panel around 4650 Å. Black stripes separate the data from
each night. The width of the emission feature is FWHM ≈ 30 Å ≈ 1910 km s−1 and is consistent
with being constant during the observations. Lower panel: The average UVB spectrum around
≈ 4650 Å showing the emission feature which includes C III and O II transitions, most likely
broadened by the motion in the accretion disc. The constant and four Gaussian lines fitted to
the feature are overplotted (red line). The black and green vertical lines indicate O II and C III
transitions, respectively, identified by Nelemans et al. (2004) in their best-fit LTE model. The
light blue, light red areas below the spectrum indicate the flux range of the blue and red wing
of the feature we use in the method to search for periodic signals, respectively.
and FWHM = 30 ± 5 Å.
X-ray flux during the optical observation
We check the RXTE ASM and MAXI flux during the optical observation of the source
(see Fig. 6.3). The flux is measured in the energy range 1.5 − 12 keV by ASM and
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we average 10 observations. In the case of the MAXI instrument we use the one day
averaged flux in the energy range 2 − 20 keV. The red line indicates the approximate
threshold between the low/hard and high/soft state based on the flux of the source
(see Section 6.4.4 for details) calculated for the energy range 2 − 20 keV (assuming
power-law slope of Γ = 2 and interstellar absorption of NH = 3 × 1021 cm−2). The
average X-ray flux level is around 10−9 erg cm−2 s−1 (2 − 20 keV energy range) and
indicates that 4U 0614+091 was in the low/hard state during the optical observations.
6.4.2 Trailed spectra
Nelemans et al. (2006) noticed possible variability in the weak absorption line around
4960 Å (possibly C I at 4959 Å) with a period of 48.547 min. Therefore we extract all
UVB spectra separately and plot all the spectra in the form of a trailed spectrogram.
We use the wavelength sampling of 0.3 Å and median smoothing with a window of
4 bins. The normalization of the spectra is done by fitting a third order spline to the
continuum of each spectrum with the most prominent carbon and oxygen emission
lines masked. Each spectrum is then divided by the function resulting from the fit.
The expected radial velocity semi-amplitude of the primary is K1 = 5 × sin i km s−1
and that of the secondary is K2 = 727× sin i km s−1 (assuming a 1.4 M mass neutron
star, 0.01 M mass donor star and orbital period of 50 min). The maximum velocity
broadening due to the integration time of a single exposure is 2piK2 ×Texp/Porb ≈ 270
km s−1. Here, i is the inclination of the orbital plane with the plane of the sky.
We examine the region around 4959 Å carefully and phase all of the spectra with pe-
riods in the range 48−49 min and step of 0.001 min. We find, however, no significant
modulation such as that reported by Nelemans et al. (2006).
A useful method to find the orbital period in time-resolved spectra is to look
for the periodic changes in the flux ratio of the blue and red wing of the emission
lines (Nather et al. 1981). It has been successfully applied to AM CVn sources (e.g.
Roelofs et al. 2005). In our case most emission features are not single transitions of
e.g. helium as is the case in AM CVns but blends of oxygen and carbon transitions
(see Fig. 6.4, lower panel). Therefore the periodic signals detected using this method
could be caused by the Doppler shifts of the emission lines as well as the variable
flux ratios between the carbon and oxygen emission lines forming the feature.
We apply this method to the most prominent feature at ≈ 4650 Å. We measure the ra-
tio R between the blue and red wing of the feature R = Flux(4635−4650Å)/Flux(4650−
4665Å) for every observation and calculate the Lomb-Scargle periodogram. The pe-
riodogram shows a maximum power at P = 30.23± 0.03 min (see Fig. 6.5, left panel).
We note that choosing a different binning of the data (e.g. 0.4 Å) and a different
window width for the median smoothing (e.g. 3 bins) causes the highest peak in the
periodogram to shift to the position of the closest alias (e.g. P = 29.61 ± 0.03 min).
Hence it is likely that the true error on the detected period is larger than the quoted
value.
The significance of the period is calculated using a Monte Carlo method with the
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Figure 6.5: Left panel: Lomb-Scargle periodograms using X-Shooter (a1 & a2 panels) and GMOS
(b1 & b2 panels) data calculated from the flux ratio of the blue and red wing of the emission
feature at 4650 Å measured in each individual spectrum. Note the peak at ≈ 50 cycles d−1 ≈
30 min in the X-Shooter (a1 & a2 panels) as well as GMOS data (b1 & b2 panels). The X-shooter
periodogram is overplotted over the GMOS zoomed-in periodogram (orange curve, b2 panel).
The P2 probabilities for the highest peaks in the periodograms and two aliases. Right panel: The
trailed spectrogram constructed by folding the data on the period found in the Lomb-Scargle
periodograms: P = 30.23 ± 0.03 min for X-Shooter data (upper panel), P = 30.468 ± 0.006 min
for GMOS. The spectrogram it plotted in velocity scale with one bin corresponding to 19.35
km s−1 px−1 at 4650 Å for X-Shooter and 60.43 km s−1 px−1 at 4650 Å for GMOS. Two periods are
shown in the spectrograms. Note a weak periodic signal in the left, middle and right side of
the feature. The average spectrum and average flux at ≈ 4650 Å is shown in the panel below
and on the right side of the trailed spectrograms, respectively.
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number of permutations set to 1000. A Fisher randomization (Linnell Nemec &
Nemec 1985) is used to determine the significance of the peak and two significance
estimates are given in the output. The first is P1 and represents the probability
that, given the frequency search parameters, no periodic component is present in
the data with this period. The second significance P2 represents the probability that
the period is not equal to the quoted value but is equal to some other value. In our
calculation the P1 ≈ 0.0 (P1 lies between 0.00 and 0.01 with 95% confidence level) and
P2 = 0.027 ± 0.005, which indicates that this period may well not be the true period.
Next, we create a trailed spectrogram with spectra folded on an orbital period of
30.23 min. For this calculation the spectral wavelength scale is converted into a ve-
locity scale with ∆υ = 19.35 km s−1 px−1 at 4650 Å using the vbin function in molly.
The heliocentric correction is additionally applied to all of the analyzed spectra. The
trailed spectrogram reveals a very weak periodic pattern (see Fig. 6.5, right panel) on
the left, middle and right side of the emission feature. The pattern on the blue side
seems to be in antiphase with respect to the pattern in the middle and on the red side.
Looking at the LTE model fitted to the emission feature (see Fig. 6.4, Nelemans et al.
2004) the structure on the left side consists of the O II lines whereas the structure in
the middle and right side is dominated by the C III lines.
Additionally, we create trailed spectrograms between 28 − 32 min with the step of
0.001 min. Since there are 10.000 frames to examine we create a movie ordering the
frames with increasing orbital period. We notice a repeatable pattern separated by
1 cycle/day which correspond to the aliases seen in the Lomb-Scargle periodogram.
Owing to the weakness of the signal it is difficult to attribute the periodic signal
found to the orbital period of the source.
We investigate also the range of periods between 45−55 min by creating a number of
trailed spectrograms with the step of 0.001 min. None of the frames, however, show
evidence for a periodic signal that could correspond to the orbital periods suggested
so far for 4U 0614+091 (e.g. Shahbaz et al. 2008).
6.4.3 Comparison between X-Shooter and GMOS data of 4U 0614+091
We reanalyze time-resolved spectra of 4U 0614+091 obtained by the GMOS-North
(see Nelemans et al. 2006). In total there are 52 spectra taken between 30/10/2003 and
22/11/2003. The spectra are normalized and the wavelength scale is converted into
velocity scale with ∆υ = 60.43 km s−1 px−1 at 4650 Å. We calculate the Lomb-Scargle
periodogram from the flux ratio of the blue and red wing of the emission feature
at ≈ 4650 Å in the same way as for the X-Shooter data. The periodogram shows
maximum power at P = 30.468± 0.006 min (see Fig. 6.5, left panel) with probabilities
P1 ≈ 0 and P2 = 0.69 ± 0.01. The detected period is close to the one detected in X-
Shooter data but not the same. We calculate the P2 probabilities for the three highest
peaks in the X-shooter and GMOS periodograms (see Fig. 6.5, left panel). The P2
probability has a lower value for the alias on the left hand side of the highest peak
in the X-shooter periodogram which indicates that the value of the period is more
uncertain than indicated by the error on the highest peak. A high values of the P2
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probability for all three peaks in the GMOS periodogram indicates that the detected
period is uncertain as well.
Additionally, we create a trailed spectrogram by folding GMOS spectra with the
detected period (see Fig. 6.5, left panel). The pattern in the trailed spectrogram
seems to be similar to the one found in X-Shooter data.
6.4.4 RXTE light curves: modulation of the X-ray emission
First, we consider all available RXTE data. In order to normalize the light curves
we divide each by its average flux. Since the light curves are not evenly spaced in
time, we use the Lomb-Scargle method to search for periodic signals. We calculate a
single Lomb-Scargle periodogram taking the 16 year long dataset. The periodogram
is calculated in the frequency range 10−4 − 3 × 10−3 Hz (6 − 167 min). We choose a
frequency resolution of ∆ f = 10−9 Hz based on the overall (16 years) time interval of
the data.
The Lomb-Scargle periodogram reveals no clear periodic signal in the considered
frequency range. The highest peak occurs at ≈ 84.9 min, which does not correspond
to any orbital period proposed so far. Folding the data with this period gives a
periodic signal with an amplitude of around 0.5%. We note that this periodic signal
is close to the orbital period of the RXTE satellite (Wen et al. 2006). Since the X-ray
modulation found in the UCXB 4U 0513−40 was detected in the high/soft state of the
source, we divide the light curves into a high flux group with PCA 2 − 5 keV count
rate > 70 c s−1 which indicates a high/soft state and low flux group with PCA count
rate < 70 c s−1 which indicates a low/hard state. This rough division between the
island (low/hard state) and banana state (high/soft state) is done based on the results
obtained by van Straaten et al. (2000) concerning the correlation between the spectral
shape and the timing features (indicating the state of the source) and source flux. The
dataset analyzed by van Straaten et al. (2000) covers observations performed during
the years 1996 − 1998. In Fig. 6.2 we mark in blue those observations that are in the
island state based on the spectral behavior and in orange those that are in the banana
state. We calculate the Lomb-Scargle periodogram for the low and high flux data
sets. There is again no clear evidence of a periodic signal in the light curves covering
separately high/soft and low/hard state neither around ≈ 50 min nor around 20 − 30
min. The highest peak in the periodogram occurs at ≈ 81.5 min in the low/hard state
and ≈ 78 min in high/soft state. Folding the data with this period gives a periodic
signal with an amplitude of around 0.5% and 1.3% for the low/hard and high/soft
state, respectively.
6.5 Discussion
We have analyzed X-Shooter data and reanalyzed GMOS data of 4U 0614+091 and
find no clear signature of the orbital period around 50 min suggested by Shahbaz
et al. (2008) and Nelemans et al. (2006). We notice a weak periodic signature in the
98 Chapter 6
X-Shooter and GMOS data around 30 min, which could well be due to the orbital
period. On the basis of the strong aliases present around the most probable peaks in
the X-shooter and GMOS periodograms we cannot exclude that the two periods are
consistent with being the same. It is possible that the modulation is caused by the
Doppler shifts of the C III and O II lines as well as variable flux ratio of the C III with
respect to the O II lines forming the feature. Perhaps we are observing two regions
characterized by different ionization states (e.g. disc and a stream impact region). In
order to confirm this interpretation, however, spectroscopic data with a resolution
higher than X-shooter in combination with higher effective area would be necessary
in order to resolve the narrow components and obtain sufficient signal to noise ratio.
Although there have been claims of the orbital period ≈ 50 min using optical data
(Shahbaz et al. 2008, Y. Zhang et al. 2012) the authors found also indication for other
periodic signals. Shahbaz et al. (2008) reports two periodicities at 64.1 min and 42
min in the NOT and SPM light curves, respectively. Y. Zhang et al. (2012) finds a
possibly quasi-periodic signal also at 16.2±0.1 min using data obtained by the Otto
Struve Telescope. Therefore further confirmation of the signal at ≈ 30 min is warranted
given the large number of reported periods and quasi-periodicities for this source.
The lack of helium lines in optical spectra suggests that the donor star in the
source is either a CO white dwarf or He star which is very late in its evolution, on
the (semi-)degenerate branch of the evolutionary track (Yungelson 2008). However,
considering the bolometric flux of 4U 0614+091 estimated from the RXTE ASM data
the source appears too bright to have a degenerate donor (van Haaften et al. 2012b).
The flux would match the theoretical predictions only if the orbital period of this
source was around 25 min (van Haaften et al. 2012b), which is more in line with the
value detected in the X-shooter and GMOS data than the claimed 50 min period.
6.5.1 X-ray reprocessing: 4U 0614+091 compared to LMXBs and AM
CVns
Since we find no clear evidence for Doppler shifts in the velocities of emission
lines produced on the X-ray heated hemisphere of the donor star we consider the
possibility that the optical emission, including the emission lines, is dominated by
reprocessing of X-rays and the contribution from the donor star to the total as well
as the reprocessed emission is negligible.
At first we estimate the visible area of the donor star and the disc as a function of the
inclination. In this simple approach we assume that the ionization state and vertical
structure of the accretion disc in hydrogen-rich LMXB and UCXB is similar. The
shadowing of the donor by the disc is not included in this calculation, however, we
discuss this problem later in this section. We use the formula describing the ratio
between the donor and the accretor Roche lobe radius derived by Eggleton (1983).
We estimate the projected area as a function of the inclination of the system assuming
that the disc fills the entire Roche lobe of the primary
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Figure 6.6: The theoretical donor star mass as a function of the orbital period for He (black)
and CO WD (red). The solid curve represents a zero-temperature track which neglects the
thermal pressure in the WD, whereas the dashed curve illustrates an upper limit on the donor
mass in the case a very high thermal pressure is introduced. The dots indicate the logarithm
of the age calculated since the onset of mass transfer to the neutron star.
Sfrac =
SWD
Sdisc + SWD
=
0.5piR2WD(1 + sin i)
piR2disc cos i + 0.5piR
2
WD(1 + sin i)
(6.1)
Sfrac is the ratio between the projected area of the WD (SWD) and the sum of SWD and
the projected area of the disc (Sdisc). We take into account in this calculation only the
side of the donor star which is illuminated by the X-rays (e.g. for the inclination of
90 deg half of the donor star total surface is illuminated and visible for the observer).
The surface area of the donor star and the disc to first approximation depends on the
mass ratio between the donor and accretor. In the case of the neutron star we assume
the canonical mass of M = 1.4 M. We calculate the mass of CO and He WD donor
stars as a function of the orbital period (van Haaften et al. 2012a,b) assuming that the
thermal pressure in the WD is zero and the only forces present are the degeneracy
pressure and the Coulomb interaction (Fig. 6.6, zero-temperature donor track). The
Coulomb interaction becomes important in very low-mass WDs (< 10−3 M). In or-
der to give an idea what would be the donor star mass in the case where the thermal
pressure is non-negligible we calculate the donor star mass with a radius larger by
a factor of 2. Deloye & Bildsten (2003) estimated that the influence of the thermal
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pressure on the radius of the white dwarf is probably around few tens of a percent.
Hence, we should expect the donor star mass to be in between the solid and dashed
curve (Fig. 6.6) and likely closer to the solid curve.
Fig. 6.7 shows the resulting surface area of the white dwarf secondary divided by the
total surface area (donor star and the disc) as a function of the inclination (the mass
ratio in 4U 0614+091 is assumed to be q = 0.01). If the inclination of 4U 0614+091
is less than around 60 deg then the surface area of the donor with respect to the
total surface area is significantly smaller for this source than for other, hydrogen-rich,
LMXBs which show emission lines formed in the irradiated part of the donor star
(see Table 6.3). Hence, the visible area of the donor and the disc in an UCXB with a
low mass donor star and low inclination (less than around 60 deg) argues in favor of
disc-dominated optical emission.
The majority of the UCXBs found so far have orbital periods around 40− 60 min (in’t
Zand et al. 2007), similar to that suggested for 4U 0614+091. The inclination of many
is not well constrained. For most of them an upper limit is only given based on the
lack of dips or eclipses in the light curve. However, since UCXBs likely have a lower
mass ratio than hydrogen-rich LMXBs the inclination can reach values even higher
than 80 deg without the occurrence of an eclipse (Paczynski 1974, Horne 1985). On
the other hand the probability of having systems with a very high inclination is quite
low (see Fig. 6.7, top axis).
Therefore, considering the difference between the visible fraction of the donor star
and the disc surface in these UCXBs with respect to the LMXBs we may suspect
the optical emission of UCXBs similar to 4U 0614+091 to be dominated by the disc
emission.
As noticed earlier, the above calculation does not take into account the possible
‘shadowing effect’ of the disc on the donor star. Hence, we estimate the height of
the outer part of the disc and compare it with the theoretical estimates of the donor
star radius. For a typical LMXB a half-opening angle of the disc is Θ ≈ 12 deg (de
Jong et al. 1996). The carbon-oxygen disc could, however, be thinner by a factor of
≈ 2 than a disc with solar composition in a typical LMXB (Dunkel et al. 2006, whose
prediction is based on the α-disc theory). The height of the outer part of the disc for
a disc radius of 0.45 R is therefore in the range 0.045 − 0.09 R. The radius of the
donor star assuming the zero-temperature track is ≈ 0.04 R which is still smaller
than the lower limit on the height of the outer part of the disc. In the case in which the
radius is twice the radius expected for the zero-temperature track (very high thermal
pressure) it is possible that the donor is being illuminated. Such a case is, however,
unlikely given the typical influence of the thermal pressure on the radius of the white
dwarf (Deloye & Bildsten 2003).
Apart from the geometry of the accretion disc we consider also its optical thickness.
The donor star could still be illuminated by the X-rays that are passing through the
accretion disc. Dunkel et al. (2006) have shown, however, that in the case of accretion
disc dominated by ions of heavier elements such as helium, carbon or oxygen the
electron and ion density as well as optical thickness of the disc increases (by a factor
of few) with respect to the optical thickness of the disc in a typical hydrogen-rich
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Figure 6.7: The surface area of the donor star divided by the total surface area (donor
star+accretion disc) as a function of binary inclination (see Eq. 1), overplotted are the best-
estimate values for a number of LMXBs. Note that 4U 0614+091 could have a significantly
lower donor star surface area compared to the total surface area than hydrogen-rich LMXBs
for which the reprocessing of X-ray light in the donor star has been observed (red line). We
plot (in blue) the positions of those AM CVns that have a mass ratio close to 4U 0614+091 and
spectroscopic measurement of the orbital period. In the case we do not have the measurement
of the inclination the source is plotted at 60 deg. The top axis represents the probability that
the inclination of the system is higher than given for a homogeneous distribution in cos i.
LMXB.
Based on the theoretical predictions presented above it seems likely that the donor
star is shielded from the radiation of the central source. If that is the case then any
modulation of the optical light is unlikely to be caused by the reprocessing of the
X-ray light in the donor star as is the case for typical hydrogen-rich LMXBs.
Fig. 6.7 indicates as well the position of a few AM CVn source for which the or-
bital periods were measured and the mass ratios are close to the predicted value in
4U 0614+091. Unlike in AM CVns, the accretion discs in LMXBs are strongly X-ray
irradiated and the amount of reprocessing usually determines the temperature and
elements visible in the optical spectra. Although the surface area of the donor star
comparing to the accretion disc is similar in AM CVn source and UCXBs we may
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Table 6.3: A list of LMXB and AM CVn sources for which the mass ratio was measured
from spectroscopy. The inclination (if constrained) and the reference for each source is also
provided. In the case of AM CVn we list only the sources with mass ratio close to that of
4U 0614+091.
Name mass ratio inc. [deg] Reference
LMXB
Sco X-1 0.3 38 Steeghs & Casares (2002)
X 1822-371 0.296 − 0.315 82.5 ± 1.5 Casares et al. (2003)
4U 1636-536 0.21 − 0.34 36 − 60 Casares et al. (2006)
4U 1735-444 0.05 − 0.41 27 − 60 Casares et al. (2006)
EXO 0748-676 0.11 − 0.28 75 − 82 Mun˜oz-Darias et al. (2009)
Cyg X-2 0.34±0.02 62.5±4.0 Casares et al. (2010)
LMC X-2 < 0.1 < 65 Cornelisse et al. (2007a)
GX 9+9 0.07 − 0.35 < 65 Cornelisse et al. (2007b)
AM CVn
GP Com 0.018 - Marsh (1999)
SDSS J1240−01 0.039 36,53 Roelofs et al. (2005)
V396 Hya 0.0125 − Ruiz et al. (2001)
expect that the conditions in which the lines are formed in 4U 0614+091 are substan-
tially different from those seen in AM CVn sources.
6.5.2 X-ray modulation
The origin of the X-ray modulation in the high/soft state that was observed for
instance in the UCXB 4U 0513−40 (Fiocchi et al. 2011) or UCXB 4U 1820−30 (Stella
et al. 1987) has not yet been established. In the case of the 4U 0513−40 a periodic
modulation is visible when the source is in the high/soft state (Fiocchi et al. 2011). In
4U 1820−30 a periodic modulation with an amplitude of ≈ 10% was found when the
source was in the high/soft state. The modulation was also observed when the source
was in the low/hard state, however, the significance of the detection is reduced due
to the factor of 3 lower count rate and factor of 2 lower modulation amplitude (Stella
et al. 1987). According to the model of reprocessing presented by Arons & King (1993)
which describes the observations of UCXB 4U 1820−30 the X-ray light is reprocessed
into the optical and ultra-violet light mostly in the outer regions of the optically
thick, geometrically thin accretion disc. Additional 5−10% of the light comes from
reprocessing by the degenerate donor and is causing a prominent modulation with
orbital period of the optical and ultra-violet light in 4U 1820−30. However, the X-ray
light reflected off the surface of the donor star cause a modulation with an amplitude
of only a few tenths of a percent of the total X-ray flux, hence it is insufficient to
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explain the large observed amplitude of the X-ray modulation in 4U 1820−30.
We propose that the modulation found in 4U 1820−30 and 4U 0513−40 may indicate
the presence of an outflow launched during the high/soft state. The winds in several
LMXBs are azimuthally symmetric and have an equatorial geometry (see Ponti et al.
2012). However, in the case of an UCXB the outer radius to launch a thermal wind is
comparable to the outer disk radius (≈ 109 cm, Miller et al. 2006b). Therefore, when
the point of impact of the gas stream from the companion occurs in the region where
the wind is generated, the azimuthal symmetry is violated and more wind comes off
this impact region rather than off other regions in the disk. Hence the foreground
absorption will depend on the orbital phase. Additionally, since the wind in an UCXB
is hydrogen deficient and helium or carbon and oxygen rich, the amount of absorption
may be higher due to the strong dependence of the photoelectric absorption cross-
section upon the atomic number.
A possible outflow present in 4U 1820−30 in the high/soft state has been reported
by Costantini et al. (2012). The authors found highly blue-shifted absorption lines
of mildly ionized oxygen. The observed lines could originate in the stream impact
region which could be less ionized than the accretion disc (e.g. van Peet et al. 2009).
In order to study a dependence of the neutral and ionized absorption on the orbital
period using current grating instruments a long exposure time (≈days) is required.
Taking into account the fact that the observed variability of the UCXBs occurs on a
time scale of days this study will be more feasible using future higher-effective area
instruments like micro-calorimeter on Astro-H satellite.
Lack of a convincing periodic signal in the X-ray light curve with amplitude of few
percent in the high/soft state of 4U 0614+091 indicates that the mechanism causing
the modulation of X-rays in 4U 0513−40 is not present in 4U 0614+091. On the other
hand the RXTE/PCA energy range, which does not cover the soft part of the spectrum
(< 2 keV), could be the reason why the modulation related to photoelectric absorption
(most prominent in the soft part of the spectrum) is not detected. Alternatively a lower
inclination of 4U 0614+091 with respect to the UCXBs showing the X-ray modulation
could also explain the lack of the periodic signal with such a high amplitude. Ponti
et al. (2012) demonstrate that the winds observed in a sample of black hole X-ray
binaries in high/soft state have opening angles of few tens of degrees since they are
only observed in dipping sources in which the disc is inclined at a large angle to the
line of sight (i ' 60 deg). A high-resolution LETGS spectrum of 4U 0614+091 taken
during the high/soft state does not show signatures (narrow absorption/emission
lines) of an outflow (Paerels et al. 2001). Therefore, assuming that the UCXBs share
the outflow properties with the sample of black hole X-ray binaries analyzed by Ponti
et al. (2012) the inclination of 4U 0614+091 could in fact be lower than the threshold
determined by the lack of eclipses in the X-ray light curve (see Section 6.5.1).
The limit on the amplitude of any X-ray modulation in the RXTE data of 4U 0614+091
is such that reflection of X-ray light off the surface of the donor star could still be
below the detection threshold. If we assume that the star atmosphere reflects a
fraction ≈ 0.5 of the incident X-rays (Anderson 1981, London et al. 1981) then the
amplitude of the X-ray modulation is expected to be lower than 1% (Arons & King
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1993) for the case of an UCXB. However, the theoretical prediction seems to indicate
that the disc is likely blocking the X-rays from illuminating the donor star.
6.6 Conclusions
We have analyzed time-resolved X-shooter and GMOS spectra of 4U 0614+091. We
find a weak periodic signal at ≈ 30 min in the red-wing/blue-wing flux ratio of the
most prominent emission feature at ≈ 4650 Å. The modulation could be caused by
the Doppler shifts of the C III and O II lines as well as variable flux ratio of the C
III with respect to the O II lines forming the feature. Comparing the surface area of
the donor and the disc of 4U 0614+091 with the surface are of the donor star and
the disc in typical hydrogen-rich LMXBs and AM CVn sources, we conclude that the
emission likely originates in the accretion disc. It is possible that this periodic signal
represents the orbital period of the source, however, due to large number of periods
reported for this source a further confirmation is needed.
Additionally we find no evident periodic signal which could be attributed to the
orbital period of 4U 0614+091 in the RXTE PCA light curves covering the energy
range 2 − 5 keV.
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Summary
Low-mass X-ray binaries (LMXB) consist of a donor star with a low mass (M < 1 M)
and a compact object: a black hole (BH) or a neutron star (NS). The donor star fills
its Roche-lobe and transfers mass through the accretion disc onto the compact object.
Part of the energy released during the accretion process is emitted in the form of
X-ray radiation. These X-rays can hit the accretion disc or travel through the material
outflowing from the accretion disc and get scattered or absorbed leaving characteristic
signatures in the X-ray spectrum (e.g. absorption/emission lines). Studying these
spectral signatures, we can obtain information about the physical properties of the
X-ray binary.
In this thesis the main focus is put on a subclass of LMXBs called ultra-compact X-ray
binaries (UCXB). An UCXB contains a white dwarf (WD) or helium star donor star. A
WD is essentially the core of an evolved star that passed through a phase of nuclear
fusion in its center. For example, a helium WD is the end product of hydrogen fusion
while a carbon-oxygen WD is the end product of helium fusion. As a result the
chemical composition of the WD donor star and hence the accretion disc can differ
significantly from the chemical composition of a main sequence donor star (which is
typically found in LMXBs).
In the previous chapters I have presented the spectroscopic study of two UCXBs
(4U 0614+091 and 4U 1543−624) and a sample of LMXBs. The aim of this study was
to constrain the important parameters of the studied systems: masses and radii of the
compact objects and the binary orbital period. One of the reasons why we want to
constrain the properties of the NSs and BHs is related to the study of the supernova
explosions during which these compact objects are formed. For example for BHs
the distribution of their masses contains information on the supernova explosions
forming these BHs. Measuring the mass and radius of NS is vital for constraining
the equation of state of ultra-dense matter (i.e. the relation between the pressure and
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density of ultra-dense matter) as this type of matter is found in NS interiors.
The analysis presented in this thesis was performed using mostly X-ray spectrographs
on board of two X-ray satellites: XMM-Newton and Chandra, as well as an optical
spectrograph at a ground based optical facility: The Very Large Telescope (VLT).
7.1 X-ray reflection in LMXBs
An important process occurring in LMXBs is X-ray reflection. Part of the X-ray
photons emitted by the central X-ray source can get ‘reflected’ off the accretion disc
(see Fig. 7.1). The emerging reflection spectrum consists of a broad-band continuum
and a number of emission lines that are formed in the fluorescence process. If the
infalling photons are reflected by the innermost part of the disc, where a strong
gravitational field of the compact object is present, the observed spectral features
become broadened in a characteristic way, by e.g. the relativistic Doppler effect and
gravitational redshift. By modeling the relativistically broadened reflection spectra
we can in principle determine the geometry of the accretion disc (in the region where
X-ray reflection occurs) including possibly the inner radius of the accretion disc.
The strongest emission lines in the X-ray reflection spectrum originating in the ac-
cretion disc with solar abundances are the Fe K-shell lines (at ≈ 6.4 − 6.8 keV). These
lines have been observed in the spectra of many LMXBs. However, reflection lines
of different elements can emerge much stronger than the Fe K-shell lines in the case
these elements are overabundant in the accretion disc. In the case of two UCXBs
analyzed in this thesis: 4U 0614+091 and 4U 1543−624 oxygen-rich material from a
carbon-oxygen or oxygen-neon-magnesium WD is flowing to the accretor. We dis-
covered that this oxygen-rich disc reflects X-rays giving a broad O VIII Lyα emission
line at ≈ 0.7 keV (≈ 18 Å). The X-ray spectrum with the detected reflection line is
shown in Fig. 7.2. The mechanisms broadening this emission line are most likely the
gravitational redshift, the relativistic Doppler effect mentioned above and the Comp-
ton scattering in the top layers of the reflecting material. This is the first time that a
reflection line of oxygen has been observed in an X-ray binary. The detailed analysis
of the X-ray spectra of 4U 0614+091 and 4U 1543−624 is presented in Chapter 2 and
3.
7.1.1 X-ray reflection model with a CO-rich accretion disc
Currently available reflection models were designed to model spectra of Active Galac-
tic Nuclei or X-ray binaries in a state characterized by a hard spectrum and usually
associated with low luminosity. In these models the abundances of elements in the
reflecting material are assumed to be solar (with the sole exception of the abundance
of Fe which can vary). After detecting the relativistically broadened O VIII Lyα reflec-
tion line in two UCXBs we have decided to expand the currently available reflection
models in order to be able to model X-ray reflection spectra in UCXB self-consistently
as well. In our first set of models the abundances of elements were tuned in order
Summary 107
Figure 7.1: An artist impression of an UCXB. The elements of the reflection process are
indicated as well. Credit: ESA.
to represent the observed underabundance of hydrogen and helium and overabun-
dance of carbon and oxygen in the accretion discs of the UCXBs studied in this thesis.
Additionally, a single-temperature black body representing the X-ray emission from
the accretion disc was also considered in the reflection spectrum. In this way we have
attempted to recreate the physical conditions in the accretion disc of the UCXBs in the
state dominated by disc emission. As expected, the modified reflection model shows
emission lines of oxygen and carbon which are generally much stronger than in the
reflection model assuming an accretion disc with solar abundances. When testing
the new models using the available X-ray spectra of 4U 0614+091 and 4U 1543−624
we have found that an overabundance of oxygen in the reflecting material is indeed
required in order to describe the spectral emission feature around 0.7 keV (≈ 18 Å).
Additionally, the new model provides a better overall description of the X-ray reflec-
tion spectra observed in the UCXBs than the model which assumes solar abundances
of elements.
7.1.2 Constraining the inner radius of the accretion disc in an UCXB
Modeling of the X-ray reflection spectra in LMXBs often depends on the choice of the
continuum model. The presence of multiple reflection lines such as O VIII Lyα and Fe
K-shell lines in the observed X-ray spectra of UCXBs could break this dependency and
provide better constraints on the parameters of the reflection spectrum and relativistic
broadening. We have made significant progress in developing a reflection model that
can describe the reflection spectra in CO-rich UCXBs self-consistently. However, we
stress that this modified reflection model currently has a limited number of grid
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Figure 7.2: The X-ray spectrum of 4U 0614+091 showing the broad O VIII Lyα reflection line.
Note that the spectral edges at e.g. Ne K-edge, Fe L-edge and O K-edge are caused by the
absorption of X-rays in the interstellar medium. Figure from Madej et al. (2010).
points. As a result large uncertainties on the measured properties of the reflecting
gas (e.g. chemical composition, temperature) are still present which can affect the
measurement of the Compton and relativistic broadening. Therefore, we plan to
continue the development of this reflection model up to the stage in which the
parameter space is much better sampled and robust measurements of the parameters
of the reflection and relativistic broadening will be possible.
7.2 Disc outflows in LMXBs
LMXBs often show signs of matter leaving the system in the form of a disc wind (see
Fig. 7.3). The spectral signatures of the wind contain strong absorption lines mainly
from highly ionized iron (Fe XXV, Fe XXVI), but often lines from other ions are also
present. The lines are observed to be blueshifted which indicates that this matter is
indeed outflowing. The disc outflows are observed only in systems viewed close to
edge-on which indicates that they are confined to the plane of the disc. Additionally,
the wind absorption lines are observed only when the source spectrum is dominated
by the disc emission.
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Figure 7.3: Top panel: An artist impression of the LMXB GRO J1655−40 showing material
outflowing from the disc (a disc wind). Credit: NASA/CXC/M.Weiss. Bottom panel: Part of the
high-resolution Chandra X-ray spectrum of GRO J1655−40. Note the absorption lines from
ionized Fe, Mn, Cr, Ti, Ca, Ar which originate in the disc outflow. Figure from Miller et al.
(2008).
7.2.1 Tracking the orbital motion of the compact object
The disc and compact object are moving together around the binary center of mass.
Hence, if we can track the orbital motion using disc features, we could in principle
constrain the orbital motion of the compact object. In Chapter 5 we have analyzed a
sample of LMXBs showing disc winds in order to determine whether the motion of
the compact object can be tracked using the absorption lines originating in the disc
outflows. We have found that the velocity of the disc wind in the analyzed sources
can be variable on a time scale of months/years as well as during an orbital period.
The origin of this variability could be a changing luminosity of the source that affects
the wind velocity or an asymmetry in the geometry of the outflow itself. Given
that most of the existing observations are scattered over many years, it is difficult
to disentangle variable velocity of the wind from variations caused by the orbital
motion.
Some LMXBs have luminosities which are too low to launch a wind but sufficient
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to produce a corona which is gravitationally bound to the system and hence is more
stable than a disc outflow. Therefore, we have proposed that the LMXBs with bound
coronae could be better targets for the method of tracking the orbital motion of the
compact object using the absorption lines originating in the disc wind/corona. Given
the short orbital periods of the LMXBs showing bound coronae (Porb of around few
hours) spectrographs with higher effective collecting areas than currently available
are needed in order to make these measurements possible. Spectrographs with such
characteristics will be provided by the future satellites such as Astro-H or Athena.
7.3 The measurement of the orbital period of UCXBs
Determining the orbital period is essential for the classification of candidates as
UCXBs, however, it is not always easy. The most secure orbital period measurement
in UCXBs are obtained for accreting pulsars. However, when the accretor is not a
pulsar one can use e.g. time-resolved optical spectra in order to track the orbital
motion of the donor star. This method has been used often in LMXBs in a low
accretion state in order to constrain the orbital parameters of the system. Recently,
it has also been applied to LMXBs in a high accretion state. In UCXBs, however, the
faintness of the source in the optical band and the very short orbital periods provides
a challenge when trying to obtain the time-resolved spectra with good quality (signal-
to-noise ratio of at least 5 − 10). In one of the first attempts to constrain the orbital
parameters using this method we have analyzed time-resolved X-shooter spectra of
4U 0614+091 obtained on, currently, one of the largest telescopes available, VLT (see
Chapter 6). A weak periodic signal at ≈ 30 min has been found in the red-wing/blue-
wing flux ratio of the most prominent emission feature at ≈ 4650 Å. This modulation
could be caused by the Doppler shifts of the C III and O II lines forming the feature
and/or the variable flux ratio of the C III with respect to the O II lines. If this signal
represents the orbital period of 4U 0614+091 it would be significantly shorter than
those suggested before in the literature. It is interesting to note that the estimated
bolometric luminosity of 4U 0614+091 at an orbital period of ≈ 30 min is more in
line with the theoretical evolution tracks that predict the luminosity of an UCXB as a
function of orbital period.
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Lage massa Ro¨ntgen dubbelsterren (LMXB) bestaan uit een donor ster met een lage
massa (M < 1 M) en een compact object: een zwart gat (BH) of een neutronenster
(NS). De donor ster vult zijn Roche-lobe en draagt materie over via de accretieschijf
op het compacte object. Een gedeelte van de energie die hierbij vrijkomt wordt
uitgestraald in de vorm van Ro¨ntgen straling. Deze Ro¨ntgen stralen kunnen de ac-
cretieschijf raken of door het materiaal reizen dat wegstroomt van de accretieschijf en
vervolgens verstrooid of geabsorbeerd worden, waarbij er karakteristieke afdrukken
in het Ro¨ntgen spectrum achter worden gelaten. Door deze spectrale afdrukken te
bestuderen kunnen we informatie achterhalen over de fysieke eigenschappen van de
Ro¨ntgen dubbelster.
De nadruk in dit proefschrift ligt vooral op een subklasse van de LMXBs, de zoge-
naamde ultra-compacte Ro¨ntgen dubbelsterren (UCXB). Een UCXB bestaat uit een
witte dwerg (WD) of een helium ster donor en een compact object. Een WD is eigen-
lijk de kern van een ge-evolueerde ster die door de fase van de nucleaire fusie in zijn
centrum is gegaan. Een helium WD is bijvoorbeeld het eindproduct van waterstof
fusie, terwijl een koolstof-zuurstof WD het eindproduct is van helium fusie. Hier-
door kunnen dus de chemische compositie van de WD donor en dus ook de van de
accretieschijf significant verschillen van een hoofdreeks donor ster (zoals normaal in
LMXBs het geval is).
In de voorgaande hoofdstukken heb ik de spectroscopische studie van twee UCXBs
(4U 0614+091 en 4U 1543−624) en een set van LMXBs laten zien. Het doel van
deze studie was om de belangrijkste parameters van de bestudeerde systemen te
beperken: de massa’s en de stralen van de compacte objecten en de omloopperiode
van de dubbelsterren. Een van de redenen waarom we deze parameters van NSs en
BHs u¨berhaupt willen weten hangt samen met de studie van supernova explosies
tijdens de formatie van deze systemen. Zo vertelt bijvoorbeeld de distributie van de
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massa’s van zwarte gaten ons iets over de supernova explosies waarbij deze zwarte
gaten zijn gevormd. Het meten van de massa en straal van een neutronenster is
daarentegen cruciaal om de toestandsvergelijking (i.e. de relatie tussen de druk en
dichtheid van ultra-compacte materie) van ultra-compacte materie te bepalen. Deze
materie bevindt zich bijvoorbeeld in het binnenste van een neutronenster.
De analyse die hier in dit proefschrift wordt gegeven heeft vooral gebruik gemaakt
van de Ro¨ntgen spectrometers aan boord van twee Ro¨ntgen satellieten: XMM-
Newton en Chandra. Daarnaast is er ook gebruik gemaakt van een optische spectro-
graaf van de Very Large Telescope (VLT) in Chili.
8.1 Ro¨ntgen reflectie in LMXBs
Een belangrijk proces in LMXBs is Ro¨ntgen reflectie. Een gedeelte van de Ro¨ntgen
fotonen die uitgestraald worden door de centrale Ro¨ntgenbron kunnen gereflecteerd
worden door de accretieschijf (zie Fig. 8.1). Het spectrum dat hierdoor ontstaat
bestaat vooral uit een breed continuu¨m met daar bovenop een aantal emissielijnen
die ontstaan tijdens het fluorescentieproces. Als de invallende fotonen gereflecteerd
worden door het binnenste gedeelte van de schijf, waar een sterk zwaartekrachtsveld
van het compacte object aanwezig is, worden de spectrale kenmerken (zoals de
emissielijnen) verbreed op een karakteristieke manier, namelijk door het relativistis-
che Doppler effect en de gravitationele roodverschuiving. Door het modelleren van
deze relativistische verbreedde reflectie spectra kunnen we in principe de geometrie
van de accretieschijf (in het gebied waar de reflectie plaatsvindt) bepalen, en mogelijk
ook de binnenste straal van de accretieschijf.
De sterkste emissielijnen in het Ro¨ntgen reflectie spectrum die ontstaan in de ac-
cretieschijf zijn de Fe K-schil lijnen (tussen 6.4 − 6.8 keV). Deze lijnen zijn al eerder
waargenomen in de spectra van veel LMXBs. Reflectielijnen van andere elementen
kunnen echter sterker zijn dan de Fe K-schil lijnen als deze elementen een hoge abun-
dantie in de accretieschijf hebben. In het geval van de twee UCXBs die bestudeerd
zijn in deze thesis (4U 0614+091 en 4U 1543−624) vloeit er zuurstof-rijk materiaal van
een koolstof-zuurstof of een zuurstof-neon-magnesium witte dwerg naar de accretor.
We ontdekten dat deze zuurstof-rijke schijf Ro¨ntgenstraling reflecteert, waardoor er
een brede O VIII Lyα rond 0.7 keV (≈ 18 Å) ontstaat. Het Ro¨ntgenspectrum met
de gedetecteerde reflectielijn is te zien in Fig. 8.2. Het mechanisme dat verantwo-
ordelijk is voor het verbreden van de lijn is zeer waarschijnlijk een combinatie van
gravitationele roodverschuiving, het relativistische Doppler effect en Compton ver-
strooiing in de bovenste lagen van het reflecterende materiaal. Dit is de eerste keer
dat een reflectielijn van zuurstof in een Ro¨ntgen dubbelster is gezien. Een gede-
tailleerde analyse van de Ro¨ntgenspectra van 4U 0614+091 en 4U 1543−624 is te
lezen in Hoofdstuk 2 en 3.
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Figure 8.1: Een artistieke impressie van een UXCB. De verschillende aspecten van het reflec-
tieproces zijn ook afgebeeld. Credit: ESA.
8.1.1 Ro¨ntgen reflectiemodel met een CO-rijke accretieschijf
De huidige reflectiemodellen waren ontworpen om spectra van Actieve Melkweg-
stelsels en Ro¨ntgen dubbelsterren te modelleren waarbij het spectra in een zoge-
naamde ’harde’ staat is en vaak een lage helderheid heeft. Voor deze modellen wordt
ook uitgegaan van een solaire abundantie van het reflecterende materiaal (behalve
voor Fe wat wel kan varie¨ren). Na de detectie van de relativistische verbrede O VIII
Lyα reflectie lijn in twee UCXBs besloten we om de huidige beschikbare reflectie mod-
ellen uit te breiden, zodat we Ro¨ntgen reflectie spectra in UCXBs ook zelf-consistent
kunnen modelleren. In onze eerste set van modellen werden de abundanties bi-
jgesteld om de onderabundantie van waterstof en helium en de overabundantie
van koolstof en zuurstof in de accretieschijven van de UCXBs in dit proefschrift
te representeren. Daarnaast werd er ook een zwarte straler met e`e`n temperatuur
meegenomen in de modellering, die de Ro¨ntgen emissie van de accretieschijf rep-
resenteert. Op deze manier hebben we geprobeerd om de fysieke condities in de
accretieschijf na te bootsen in de fase die gedomineerd wordt door de emissie van de
schijf. Zoals verwacht, laat het aangepaste reflectie model emissielijnen van zuurstof
en koolstof zien die veel sterker zijn dan in het model met solaire abundanties. Tij-
dens het testen van de nieuwe modellen voor de Ro¨ntgen spectra van 4U 0614+091
en 4U 1543−624 vonden we dat een overabundantie van zuurstof in het reflecterende
materiaal inderdaad nodig is om het spectrale emissie kenmerk rond 0.7 keV (≈ 18 Å)
te beschrijven. Ook geeft het nieuwe model in het algemeen een betere beschrijving
van het Ro¨ntgen reflectie spectrum dan het model dat standaard solaire abundanties
van de elementen aanneemt.
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Figure 8.2: Het Ro¨ntgen spectrum van 4U 0614+091 waarin de brede O VIII Lyα reflectielijn
zichtbaar is. De spectrale kanten bij de Ne K-kant, Fe L-kant en de O K-kant worden veroorza-
akt door de absorptie van Ro¨ntgenstraling in het interstellaire medium. Figuur uit Madej et
al. (2010).
8.1.2 Het beperken van de binnenste straal van de accretieschijf in
een UCXB
Het modelleren van het Ro¨ntgen reflectie spectrum in LMXBs hangt vaak af van
de keuze van het continuu¨m model. De aanwezigheid van meerdere reflectielijnen
zoals de O VIII Lyα en Fe K-schil lijnen in de Ro¨ntgenspectra van UCXBs zou in
principe deze afhankelijkheid kunnen doorbreken en ook de parameters van het re-
flectiespectrum en de relativistische verbreding beter kunnen bepalen. We hebben
significante vooruitgang geboekt in het ontwikkelen van een reflectiemodel dat de
reflectiespectra in CO-rijke UCXBs zelf-consistent kan beschrijven. We benadrukken
echter dat dit gemodificeerde reflectie model op dit moment een gelimiteerd aantal
gridpunten heeft. Hierdoor zijn er nog steeds grote onzekerheden op de gemeten
eigenschappen van het reflecterende gas (i.e. chemische compositie en temperatuur)
die invloed kunnen hebben op de meting van de Compton en relativistische verbred-
ing. Daarom blijven we dit reflectiemodel door ontwikkelen tot dat de parameter
ruimte beter doorlopen is en robuuste metingen van de parameters van de reflectie
en de relativistische verbreding mogelijk zijn.
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Figure 8.3: Bovenste paneel: Een artistieke impressie van de LMXB GRO J1655−40 die het
materiaal laat zien dat van de schijf wegstroomt (een schijfwind). Credit: NASA/CXC/M.Weiss.
Onderste paneel: Een gedeelte van het hoge-resolutie Chandra Ro¨ntgen spectrum van GRO
J1655−40. Let vooral op de absorptielijnen van geı¨oniseerd Fe, Mn, Cr, Ti, Ca, Ar die ontstaan
in de schijfwind. Figuur uit Miller et al. (2008).
8.2 Schijf uitstromingen in LMXBs
LMXBs laten vaak tekenen zien van materie die uit het systeem wegstroomt in de
vorm van een schijfwind (see Fig. 8.3). De spectrale signaturen van de wind bestaan
vooral uit sterke absorptielijnen van hoog geı¨oniseerd ijzer (Fe XXV, Fe XXVI), maar
vaak zijn ook lijnen van andere ionen aanwezig. De lijnen zijn blauw verschoven,
wat betekend dat deze materie inderdaad uitstroomt. Deze absorptielijnen van de
schijfwind worden alleen waargenomen wanneer het spectrum van de bron gedom-
ineerd wordt door de schijf emissie.
8.2.1 Het volgen van de omloopbeweging van het compacte object
De schijf en het compacte object bewegen samen rond het massacentrum van de
dubbelster. Als we de baanbeweging kunnen volgen d.m.v. de schijf kenmerken in
het spectrum, kunnen we in principe de omloopbeweging van het compacte object
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bepalen. In Hoofdstuk 5 hebben we een aantal LMXBs geanalyseerd die schijfwinden
hebben om te bepalen of de omloopbeweging van het compacte object bepaald kan
worden door gebruik te maken van de absorptielijnen die in de schijfwind ontstaan.
We hebben ontdekt dat de uitstroomsnelheid van de schijfwind in de bestudeerde
bronnen variabel kan zijn op een tijdschaal van zowel maanden/jaren als tijdens
een omloopbeweging. De oorsprong van deze variabiliteit kan een veranderende
lichtkracht van de bron zijn die de uitstroomsnelheid aanpast, of een asymetrie in de
geometrie van de schijfwind zelf. Omdat de meeste waarnemingen over meerdere
jaren zijn verdeeld is het lastig om het onderscheid te maken tussen een variabele
uitstroomsnelheid van de wind en variaties door de omloopbeweging.
Sommige LMXBs hebben een lichtkracht die te laag is om een wind te lanceren, maar
die wel sterk genoeg is om een gravitationeel gebonden corona te produceren en dus
stabieler is dan een schijfwind. Daarom hebben we het idee geopperd dat LMXBs
met gebonden coronae een beter doel zouden zijn voor de methode van het bepalen
van de omloopbeweging van het compacte object door gebruik te maken van de
absorptielijnen. Gegeven het feit dat de meeste LMXBs die gebonden coronae laten
zien zeer korte omloopperiodes hebben (Porb van een paar uur), zijn er spectrografen
nodig met grotere oppervlakken dan huidig in omloop zijn om deze metingen mo-
gelijk te maken. Toekomstige satellieten zoals Astro-H of Athena zullen dat wel
hebben.
8.3 Het meten van de omloop periode van UCXBs
Het bepalen van de omloopperiode is cruciaal voor het classificeren van kandidaat
systemen als UCXBs. Dit is echter niet altijd even eenvoudig. De meest nauwkeurige
meting van een omloopperiode in UCXBs worden gedaan in accreterende pulsars.
Wanneer de accretor geen pulsar is kan men tijds-opgeloste optische spectra ge-
bruiken om de omloopperiode van de donor te volgen. Deze methode is vaak
gebruikt in LMXBs tijdens een lage accretie fase om de omloop parameters van het
systeem te bepalen. Deze methode is recent ook toegepast voor LMXBs in een hoge
accretie fase. In UCXBs echter, zorgen de zwakheid van de bron in de optische band
en de zeer korte omloopperiodes ervoor dat het erg lastig is om een tijds opgelost
spectrum te meten met een hoge signaal ruis verhouding (minimaal 5 − 10). Als een
van de eerste pogingen om de omloop parameters te beperken met deze methode
hebben we X-shooter spectra van 4U 0614+091 genomen met een van de grootste
telescopen op aarde (de VLT, zie Hoofdstuk 6). Een zwak periodiek signaal rond 30
min is gevonden in de rode-vleugel/blauwe-vleugel flux ratio van de meest promi-
nente emissielijn rond 4650 Å. Deze modulatie zou kunnen komen door de Doppler
verschuivingen van de C III en O II lijnen die de emissielijn bij ≈ 4650 Å vormen
en/of door de variabele flux ratio van de C III lijnen t.o.v. O II lijnen. Als dit signaal
de omloopperiode van 4U 0614+091 representeert, dan zou het significant korter zijn
dan eerder in de literatuur werd aangenomen. Interessant genoeg is de geschatte
bolometrische lichtkracht van 4U 0614+091 met een omloopperiode van ≈ 30 min
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beter in overeenstemming met de theoretische evolutie modellen die de lichtkracht
van een UCXB bepalen als functie van de omloopperiode.
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